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Past earthquake-related events have highlighted the vulnerability of Italian precast buildings, which are widely
used for industrial purposes and therefore represent a significant source of potential economic loss in the event of
an earthquake. In this context, insurance companies play a decisive role in the financial protection against
earthquake-induced damage, and rapid and reliable procedures for seismic risk classification are essential for the
preliminary definition of suitable policies. This study presents a taxonomy-based rapid assessment procedure for
the seismic risk classification of single-storey precast reinforced concrete (RC) buildings. The approach in-
troduces a classification framework that correlates building characteristics, construction period and seismic code
evolution with corresponding fragility and demand models.

By integrating fragility functions for structural elements, non-structural components and operational content
(such as plant and machinery), the method enables a multi-component damage assessment leading to damage-
based risk classes. The method was developed considering five representative building classes categorized based
on their construction period and seismic regulations. The approach was validated using a case study of a RC
precast building damaged during the 2012 Emilia earthquake, for which the main characteristics of the seismic
event and the observed damage distribution are considered. This showed a strong correlation between the
estimated and observed damage states, confirming the ability of the procedure to capture the main sources of
structural and non-structural vulnerability. The proposed methodology provides a practical and transparent tool
for large-scale screening and preliminary decision-making and is well suited for implementation in user-oriented
software tools that allow even non-experts to assess the seismic classification of single-story precast industrial
buildings built in Italy from the post-war period to the present day.

1. Introduction approaches have become important tools for risk prioritization, espe-

cially when detailed data is lacking, or rapid assessments are required.

Assessing the seismic risk of structures is a fundamental step in
ensuring the safety of buildings and protecting human life. According to
ISO 31010 [1], risk is defined as the combination of the probability of an
event and its consequences. For seismic events, risk results from the
interaction between hazard, exposure and vulnerability. While seismic
hazard and exposure are largely shaped by geographic and urban
characteristics, reducing vulnerability remains the most feasible and
effective strategy to mitigate seismic risk. In this study, the focus is
placed on the vulnerability component of seismic risk, which is used as
the basis for a simplified risk classification approach. This includes not
only structural retrofitting, but also the implementation of effective
methods to assess and prioritize measures based on the level of risk [2].
In this context, simplified assessment methods and visual screening
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Techniques such as Damage Probability Matrices (DPM), observational
fragility curves from observations and expert judgment-based scoring
systems focus on the use of minimal but important data such as building
typology, year of construction and geographical location to estimate
vulnerability [3-6]. These methods provide practical and scalable so-
lutions for identifying the most vulnerable structures in large building
populations. Similarly, visual screening methods provide a rapid initial
assessment by evaluating structural features and environmental condi-
tions, often using standardized checklists or predefined scoring systems.
Tools such as NODE [7] further develop this approach by automating the
calculation of nominal risk indices, enabling rapid and quantitative
prioritization of buildings that require more in-depth analysis.

At the other end, advanced tools such as GIS-based mapping and
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Fig. 1. Flowchart of the proposed taxonomy-based seismic risk classification procedure.

multi-criteria decision making (MCDM) techniques support more
comprehensive assessments. These systems integrate a wide range of
variables, from regional vulnerabilities to exposure scenarios, to provide
a more nuanced understanding of seismic risk at a territorial scale
[8-11]. More recently, hybrid approaches combining nonlinear struc-
tural analyses and machine learning techniques have been proposed to
efficiently predict seismic vulnerability with high accuracy, offering an
effective compromise between analytical depth and computational
speed [12]. Although they provide deeper insights, their implementa-
tion often requires considerable resources and expertise, making them
particularly suitable for targeted applications or as second-level assess-
ments after an initial screening. Despite these advances, there is still a
need for transparent and mechanically interpretable simplified proced-
ures that can bridge the gap between large-scale screening methods and
detailed analytical approaches.

The use of precast construction in industrial and commercial build-
ings became widespread in Italy in the mid-20th century, as in much of
Europe. As a result, a large proportion of these buildings were designed
and built without applying modern seismic design criteria. The seismic
events that occurred in Emilia in 2012 have caused extensive damage to
precast buildings and highlighted their inherent vulnerability [13-22].
The observed damage mechanisms, often associated with connection
failures and inadequate detailing, have been widely documented and
represent a key aspect in the seismic performance of these structures.
The affected area was very large and densely populated, with numerous
industrial and commercial settlements. For context, it should be noted
that the structural damage involved approximately 15,000 public and

healthcare buildings, >14,000 residential buildings, and around 13,000
economic establishments, including industrial, commercial, agricultural
facilities, shops, and offices. Regarding the economic impact, the dam-
age in the Emilia-Romagna region alone was estimated at over €12.2
billion [23]. It is noteworthy that the observed damage affected not only
older buildings, but also some newer buildings. In this context, re-
searchers have made considerable efforts over the last decade to assess
the seismic vulnerabilities and risks of both existing [24-27] and
code-compliant precast industrial buildings [19,28,29]. These studies
provide valuable fragility models and analytical insights, which consti-
tute a relevant basis for simplified assessment approaches.

Some of the research results available in the literature are summa-
rized below. Bosio et al. [27] pointed out the high seismic risk of pre-
fabricated industrial buildings constructed in the 1960s-1970s and
1980s-1990s. Other researchers [24,25] have focused on the assess-
ment of the seismic performance of precast RC buildings designed ac-
cording to the current Italian building code [26], showing a low seismic
risk with a demand-to-capacity ratio well below code limits for both
structural elements and connections. However, these studies are typi-
cally based on detailed numerical modelling and are not directly suitable
for rapid large-scale applications. In general, previous studies have often
addressed the seismic performance of individual structural components
without comprehensively considering the contribution of non-structural
elements and operational contents (e.g. equipment and machinery).
From a risk-oriented perspective, this represents a significant limitation,
as in industrial buildings the value of contents often exceeds that of the
structural system itself. Several studies have confirmed the sensitivity of
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industrial facilities to dynamic actions. Including these elements in a
seismic assessment framework would allow a more comprehensive
evaluation of potential losses.

The main objective of this article is to propose taxonomy-based
procedure for the rapid seismic risk classification of typical single-
storey precast industrial buildings, considering both structural and
non-structural components as well as operational contents. Five building
classes are defined, reflecting the main periods of change in the evolu-
tion of Italian seismic regulations from the post-war period to the pre-
sent day. For each class, a reference structural configuration is adopted
to derive baseline seismic response models, intended as representative
archetypes for the considered taxonomy. The baseline seismic response
for each building class was derived by multi-stripe analyses on simpli-
fied 2D models, while parametric analyses based on more refined 3D
numerical were performed to evaluate the influence of specific features,
such as cladding systems or plan and elevation irregularities. Based on
these analyses, correction factors are introduced to update the Engi-
neering Demand Parameter (EDP) curves, which describe the seismic
response of each building class. The damage state of each component
(structural, non-structural and contents) is evaluated by combining EDP-
based demand estimates with component-specific fragility functions.
The final outcome of the procedure is expressed in terms of damage-
based risk classes, defined consistently with limit state exceedance (e.
g. Damage Limit and Life Safety) and intended for comparative assess-
ment and decision-making purposes. The proposed method was vali-
dated using a case study of a precast RC building damaged during the
2012 Emilia earthquake. The characteristics of the seismic event and the
observed damage patterns are explicitly considered to assess the con-
sistency between predicted and observed damage. In addition to this
validation, the procedure is tested under seismic scenarios correspond-
ing to the Damage Limit (DL) and Life Safety (LS) performance levels, in
order to evaluate its capability to differentiate between different seismic
intensity levels.

2. Proposed procedure

This section first provides a general overview of the proposed
methodology and describes the criteria adopted for damage assessment
and risk classification. The procedure is conceived as a taxonomy-based
framework that combines simplified structural modelling with
component-level fragility functions to enable a rapid and transparent
damage-based seismic risk classification. Fig. 1 shows an overview of the
proposed workflow. The process consists of seven key steps, ranging
from data collection to risk classification, each associated with clearly
defined inputs, computational procedures, and outputs, as described
below.

Step 1. Data collection and building classification. Relevant
building information is collected, including location, year of con-
struction, height and any available data on previous retrofit mea-
sures. The building is classified into one of five taxonomy classes, and
the corresponding baseline EDP-Sa(T;) curves are selected. In addi-
tion, specific building characteristics are recorded, as these param-
eters are crucial for refining the demand estimation.

Step 2. Definition of the reference seismic response. A set of EDP-
Sa(T;) relationships is defined to represent the baseline seismic
response of each taxonomy class, where Sa(T;) is the spectral ordi-
nate at the fundamental vibration period of the building (T;). These
relationships are derived from analyses on reference structural con-
figurations (archetypes), intended as baseline representations of
recurring structural features rather than exhaustive descriptions of
the building stock, and provide a simplified but mechanically
consistent link between seismic intensity and structural demand.
Step 3. Estimation of the fundamental period and seismic input.
In this phase, the fundamental vibration period of the building is
estimated using simplified analytical expressions based on structural
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typology and the expected seismic action in the form of spectral
accelerations is determined on the basis of the building site.

Step 4. Adjustment of the seismic response for building-specific
characteristics. The reference EDP-Sa(T;) curves established in Step
2 are updated based on the specific characteristics of the building.
This adjustment is performed through correction factors derived
from parametric analyses on refined 3D numerical models, explicitly
accounting for key sources of variability such as cladding typology,
plan irregularities, connection behaviour and panel-structure inter-
action mechanisms.

Step 5. Computation of the building’s seismic response. The
relevant EDP values for the examined building are obtained by
combining the site-specific spectral acceleration with the class-
specific, and where needed corrected, EDP-Sa(T;) relationships.
Step 6. Damage state assessment. The specific EDP values deter-
mined in Step 5 are used to determine the damage state of each
element (structural, non-structural and contents). This is performed
through component-specific fragility functions, which provide the
probability of exceeding each damage state as a function of the
corresponding EDP. In practice, the damage state is assigned based
on a probability threshold of 50 %, which is adopted as a reference
value but can be adjusted depending on the desired level of conser-
vatism. The applicability of this step depends on the availability of
fragility functions for the considered components.

Step 7. Risk classification assignment. In this step, damage-based
risk classes are assigned based on the damage states established in
Step 6, following the criteria outlined in Section 2.2. The resulting
classification is intended for comparative assessment and prioriti-
zation rather than for direct loss quantification.

Beyond its operational workflow, the proposed seven-step frame-
work is conceptually consistent with the classical definition of seismic
risk as the interaction between hazard, exposure, and vulnerability.
However, it should be emphasized that the present procedure primarily
focuses on the vulnerability component, which is used as the basis for
the definition of damage-based risk classes. The hazard is represented by
the site-specific spectral acceleration Sa(T;), while vulnerability is
captured through fragility functions relating engineering demand pa-
rameters to damage probabilities. Exposure is only partially represented
through the inclusion of operational contents, without explicit model-
ling of economic value or loss consequences. Therefore, the proposed
approach should be interpreted as a vulnerability-driven, risk-oriented
classification framework rather than a complete probabilistic risk
assessment. A full probabilistic risk assessment would require the
explicit integration of exposure and consequence models, which is
beyond the scope of the present study.

Regarding the fragility functions developed in this study (Section 4),
it is important to position the proposed approach within the broader
context of available fragility datasets. Existing frameworks such as
HAZUS [30] and GEM [31] provide comprehensive fragility models for
conventional structural typologies. However, their applicability to
single-storey precast industrial buildings is limited, particularly with
respect to interaction mechanisms between non-structural components,
connections, and the supporting structure, which are key drivers of
seismic vulnerability in these systems. For this reason, the present study
adopts and further develops fragility functions specifically calibrated for
taxonomy-based classes of precast industrial buildings, derived from
nonlinear analyses and including both structural and non-structural
components.

2.1. Damage assessment and risk classification

In the proposed procedure, damage assessment is performed through
component-specific fragility functions that relate selected EDP to the
probability of exceeding predefined damage states. Within a
performance-based framework, these functions enable the correlation of
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Table 1
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Fragility parameters for displacement-sensitive components (lognormal distribution; 0 expressed as median drift or relative displacement).

6 = median drift over height of the building

DS1 DS2 DS3 DSs4 DS5
Element 0 B 0 B 0 B 0 B 0 B
Column 1 0.0150 0.40 0.0180 0.40 0.0210 0.40 0.0438 0.40 - -
Column 2 0.0192 0.40 0.0292 0.40 0.0392 0.40 0.0660 0.40 - -
Column 3 0.0200 0.40 0.0290 0.40 0.0380 0.40 0.0680 0.40 - -
Masonry infills 0.0018 0.52 0.0046 0.54 0.0105 0.40 0.0188 0.38 - -
Windows 0.0060 0.12 0.0096 0.25 0.0110 0.20 0.0160 0.19 0.02 0.16
Drywall partitions 0.0021 0.58 0.0065 0.43 0.0116 0.45 - - -
Internal doors 0.0023 0.90 0.0056 0.40 - - - - - -
6 = relative displacement of the connection element
DS1 DS2 DS3 Ds4 DS5
Element 0 B 0 B 0 i 0 B 0 B
Roof element 0.0050 0.40 0.0100 0.40 0.0200 0.40 0.0400 0.40 0.06 0.40
Sealant 0.0048 0.15 0.0096 0.25 - - - - - -
Vertical panels 1 - - - - 0.0600 0.40 0.0700 0.40 - -
Vertical panels 2 - - - - 0.0600 0.40 0.2000 0.40 - -
Horizontal panels - - - - 0.0400 0.40 0.0500 0.40 - -
Table 2
Fragility parameters for acceleration-sensitive components (lognormal distribution, values in g).

Element Ds1 DS2 Element DS1 DS2

0 B 0 p 0 p 0 B
Storage racks 0.42 0.43 0.43 0.29 Generator 1.30 0.60 - -
Overhead crane - - 0.25 0.30 Electrical panel 1.20 0.60
Hydraulic elevator 0.41 0.30 Control centre 1.80 0.60 - -
Electric elevator 0.35 0.06 - - Compressor 0.90 0.60 - -

0.35 0.17
Refrigerator 0.64 0.40 - - Air handling unit 1.50 0.60 - -
Distribution panel 3.40 0.60 - - Cooling towers 1.20 0.40 - -

seismic intensity with structural damage, allowing the damage state of
each element to be associated with the attainment of specific EDP
thresholds such as interstorey drift ratio or absolute acceleration.
Overall, this leads to a probabilistic damage assessment approach in
which each possible damage state (DS) of an element is represented by a
fragility curve that relates a significant EDP to the probability of
exceeding that damage state.

The fragility curves used in this paper follow a lognormal distribu-
tion (Eq. 1):

Fx(x) = PDS > DS/EDP=x] = ® <IDXT_0> 6))

Where 6 and f are parameters representing the mean and standard de-
viation of the logarithmic values, respectively, ® is the cumulative dis-
tribution function of the normal distribution and P[DS > DS; | EDP = x]
represents the probability that a component will experience a damage
state (DS) equal to or greater than DS;, after being subjected to an EDP
equal to x.

For structural elements such as columns and roof components, the

Table 3

fragility curve parameters were derived from recent studies [28,32]. For
non-structural elements and building contents, the fragility curves from
FEMA P-58 [33] were adopted.

The procedure is formulated in a modular way and can be extended
to additional components, provided that appropriate fragility functions
are available.

The set of elements considered in this study, although not exhaus-
tive, is intended to represent typical components commonly found in
industrial precast buildings.

The fragility parameters adopted for the selected components are
summarised in Tables 1 and Table 2, grouped according to the type of
EDP, namely displacement-sensitive and acceleration-sensitive compo-
nents. For displacement-sensitive elements (Table 1), the parameter 6
represents either the median interstorey drift ratio, computed with
respect to the building height (H), or the relative displacement between
connected elements. In the latter case, the reference element is specified
in the corresponding column. In this study, the building height (H) is
defined as the clear height under the beam.

Different fragility models are introduced to account for variations in

Definition of intrinsic seismic risk classes according to the macroseismic intensity scale.

Perceived shaking

Potential damage

Peak acceleration

Peak velocity

Instrumental intensity

Considered seismic risk class

[-] [-] [ %g] [em/s] [-] [-]
Not felt None < 0.06 < 0.02 I Cco
Weak None 0.2 0.08 11111 Cco
Light None 0.8 0.3 v Cl
Moderate Very light 2 0.9 A Cc2
Strong light 4.8 2.4 VI Cc2
Very strong Moderate 12 6.4 VI Cc3
Severe Moderate/ Heavy 29 17 VIII C4
Violent Heavy 70 45 X Cc5
Extreme Very heavy > 171 > 120 X+ C5
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Table 4
Assignment of risk classes to structural and non-structural components based on
damage states.

Element DS1 DS2 DS3 DS4 DS5
Column Cc2 Cc3 Cc4 C5 -
Roof element Cc2 Cc2 Cc3 C4 Cc5
Sealant C1 Cc2 - -
Vertical panel - - C2 C3
Horizontal panel - - Cc2 C3
Masonry infill C1 Cl Cc2 C3 -
Windows C1 Cc2 C2 Cc2 Cc3
Drywall partition C1 Cc2 Cc2
Internal door Cc2 Cc2 -

Table 5

Assignment of risk classes to content-related components.
Element DS1 DS2 Element DS1 DS2
Storage racks Cc2 C3 Generator C3
Overhead crane Cc2 Cc3 Electrical panel Cc2
Hydraulic elevator C3 - Control centre Cc2
Electric elevator Cc3 - Air compressor Cc2
Refrigerator Cc2 - Air handling unit Cc2
Distribution panel Cc2 - Cooling towers Cc2

structural typologies across construction periods. Three types of column
fragility curves are considered: Column 1 refers to buildings constructed
up to 2003, while Column 2 and Column 3 correspond to post-2003
buildings with low and high dissipation capacity, respectively. Simi-
larly, Vertical Panel 1 and Vertical Panel 2 represent cladding systems
associated with pre- and post-2003 construction practices.

The seismic risk classes, based on the macroseismic intensity scale
(Table 3), are defined by grouping seismic intensity ranges into discrete
classes (CO-C5) and are subsequently applied to the elements as sum-
marised in Tables 4 and Table 5. The assignment of risk classes to in-
dividual elements is performed by linking component-level damage
states to expected global damage scenarios, using the EMS-98 scale [34]
as a reference framework. For example, limited damage in a column
characterised by small cracks (DS2) corresponds to a ‘moderate’ global
damage scenario, to which risk class C3 is assigned, while collapse (DS4)
is associated with risk class C5. Detailed descriptions of the adopted
damage states and the corresponding mapping criteria are provided in
Appendix A.

The proposed classification is intended to provide a consistent and
traceable ranking of expected damage severity, rather than a precise
quantitative estimate of economic loss. The mapping between compo-
nent damage states and risk classes is established based on their corre-
spondence with macroseismic damage descriptions, ensuring coherence
between local damage and global damage scenarios. Although this
approach involves an element of expert judgement, it enables a rational
and transparent link between seismic intensity, damage states, and the
resulting risk classification.

3. Taxonomy-based classification framework for precast
industrial buildings

A taxonomy-based framework is adopted to classify single-storey
precast industrial buildings in Italy according to their main structural
characteristics and construction period. Five reference building classes
are defined to represent recurring structural configurations observed in
practice and to provide a consistent basis for deriving simplified seismic
response models. Since this study focuses on the seismic behaviour of
these structures, it is essential to analyse the evolution of seismic
regulation in Italy, which have directly influenced design practices,
connection typologies, and overall structural performance.
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3.1. Evolution of seismic regulation in Italy

The consideration of seismic aspects in Italian building codes is often
associated with guidelines for use in earthquake-prone areas, published
after each major earthquake. Early regulations mainly addressed geo-
metric and prescriptive requirements, such as minimum member di-
mensions and building height limits, without a fully developed dynamic
framework.

Seismic loads were officially included in the regulations in 1916
[35], supplementing the provisions of Decree 193 of April 18,1909 [36],
which was issued after the earthquakes of December 28, 1908, in
Calabria and Messina. Decree 193 required the consideration of hori-
zontal and vertical static forces proportional to the weight of the
structure, using a predetermined coefficient. In the 1920s, after the
earthquakes in Ancona, Perugia, Siena and Grosseto, the legislation was
updated [37] and the first seismic zoning system in Italy was introduced.

Over the years, the Italian system for classifying earthquakes has
been revised several times. The culmination was Ministerial Decree
3274 [38] which classified the entire Italian territory as
earthquake-prone and divided it into four seismic zones. This marked a
fundamental shift, as seismic design became mandatory for all new
constructions nationwide. Subsequent regulations, such as NTC08 [39]
and the current NTC18 [40], further refined the definition of seismic
input mainly through updated hazard models developed by the Italian
Institute of Geophysics and Volcanology (INGV).

The seismic behaviour of precast buildings is strongly influenced by
the characteristics of the structural connections. These buildings are
typically frame structures with hinged connections. In 1986 [41] it was
established that the use of friction connections must be justified by a
specific study, and in 1987 [42], the use of simple friction joints was
prohibited in seismic areas. However, in practice, the transition from
friction-based to mechanical connections occurred progressively during
the 1980s, influenced by both regulatory updates and evolving design
practices.

Considering the seismic classification of the entire Italian territory, it
can be assumed that structures built since 2003 are generally equipped
with mechanical connections. The importance of connection systems in
precast buildings was highlighted by the seismic events that struck the
Emilia-Romagna region in 2012 [14-17], where the main damage
mechanisms were associated with the loss of support and collapse of the
roof elements. These observations confirmed the critical role of
connection behaviour in governing the seismic vulnerability of this
structural typology. Numerous studies have focused on friction joints
[24,26, 43-47], while other research has investigated mechanical con-
nections, in particular dowel connections [48-50]. In addition to
connection-related vulnerabilities, precast industrial buildings exhibit
significant vulnerabilities in masonry infill, cladding systems and col-
umns [13,51-53]. This evolution directly motivates the definition of the
taxonomy classes adopted in this study.

3.2. Definition of taxonomy-based reference building classes

The analysis of the evolution of seismic regulations allows the
identification of three main periods: before 1984, between 1984 and
2003 and after 2003. Before 1984, there were no significant differences
in the design between seismic and non-seismic regions, and precast el-
ements were generally connected using friction joints, often with
neoprene layers [43,44]. Between 1984 and 2003, design practices
diverged between seismic and non-seismic regions. In seismic areas,
mechanical connections became increasingly adopted, while in
non-seismic regions friction connections were still commonly used.
Since 2003, following the classification of the entire national territory as
seismic, mechanical connections became standard practice, and the
design framework explicitly introduced the concept of energy dissipa-
tion, allowing structures to be designed as non-dissipative (ND) or
dissipative (D).
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Table 6
Definition of the taxonomy-based reference building classes.
Time Site seismicity Main characteristics Building
period class id
Before Unclassified Friction connections Pre-84
1984
1984 - Non-seismic Friction connections 84-NS
2003 (NS)
Seismic (S) Mechanical connections 84-S
From Seismic (S) Mechanical connections and non- 2003-ND
2003 dissipative design
Mechanical connections and 2003-D

dissipative design

Based on these considerations, five taxonomy-based reference
building classes are defined (Table 6). It is emphasized that these classes
are not intended to represent the full variability of the existing building
stock, but rather to serve as reference archetypes capturing the most
recurrent structural configurations within each construction period.

Although the formal prohibition of friction connections in seismic
zones was introduced with DM 3/12/1987 [42], the mid-1980s already
marked a practical transition in design practice. Following the 1980
Irpinia earthquake and the update of the national seismic classification
in 1984, many precast manufacturers progressively abandoned friction
joints in seismic regions. For this reason, 1984 is adopted as a reference
threshold year for defining the taxonomy classes, reflecting practical
design evolution rather than strictly regulatory milestones. Neverthe-
less, the methodology allows users to directly select the appropriate
reference class if the actual connection typology of the building is
known, independently of the construction year.

As already mentioned, a reference building must be selected in Step 1
from the classes listed in Table 6. However, any previous retrofit mea-
sures affecting the building must also be considered, as they may
significantly modify the expected seismic response [31,54,55]. In this
context, the selected reference class should be interpreted as a baseline
configuration, which can be updated to reflect the actual structural
condition of the building. Therefore, the reference building must be
determined according to the framework shown in Fig. 2. Starting from
Pre-84 or 84-NS buildings, the reference class is updated to 84-S if local
retrofit interventions affecting connections have been carried out. In the
case of global retrofit, the building is associated with post-2003 classes
(2003-ND or 2003-D), depending on the seismic design approach
adopted. A similar consideration applies to the reference building class
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vibration (T;). For the considered structural typology, characterized by
single-storey frames, the fundamental period can be reasonably esti-
mated using simplified analytical formulations based on geometric
properties. Given the design acceleration spectrum for the site, knowl-
edge of T; allows the immediate determination of the spectral acceler-
ation Sa(T;), which directly affects the estimated seismic demand and,
consequently, the vulnerability assessment.

The fundamental period of the considered structural typology de-
pends primarily on the roof mass and the stiffness of the columns. Since
these parameters vary with construction period and seismic design
practices, estimating T; for existing buildings may be uncertain. Various
formulations have been proposed in the literature; in this study, the
expression in Eq. (2) [56] is adopted, as it is specifically calibrated for
precast buildings.

T, = a-H*® 2

Where H is expressed in meters.

In the proposed approach, the coefficient a is used to account for
differences in structural stiffness associated with construction period
and seismic design level. For buildings constructed after 2003, « varies
depending on the seismic zone, while for earlier buildings a constant
value a = 0.45 is adopted. Table 7 reports the adopted values. As
anticipated in Section 2, the building height (H) is defined as the clear
height measured from the top of the floor slab to the underside of the
beam.

4. Derivation of Sa(T;)-EDP reference curves and modelling
framework

This section describes the derivation of the Sa(Tp)-EDP reference
curves, which are used to represent the seismic response of the
taxonomy-based reference buildings introduced in Section 3. The
objective is to define simplified yet mechanically consistent relation-
ships between seismic intensity and EDPs, suitable for rapid assessment
procedures. A representative structural configuration is adopted as a
reference archetype, reflecting recurrent geometric and structural fea-
tures of single-storey precast industrial buildings in Italy, as documented
in previous studies [27]. While not intended to capture the full vari-
ability of the existing building stock, this configuration provides a
consistent basis for comparative analyses and for the development of

Table 7
84-5. o values for estimating the building’s fundamental period according to Eq. (2).
c ron Period Seismic regi -
3.3. Calculation of the fundamental period onstruction Perio e reeon ol
After 2003 I 0.25
Once the reference building has been selected, a crucial step is to EI 8?13
determine the seismic input in terms of spectral acceleration acting on v 0.36
the building. This assessment is strongly influenced by the modal Before 2003 - 0.45
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Fig. 2. Framework for the selection and updating of the reference building class.
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Yp

Fig. 3. Reference structural geometry adopted for the derivation of baseline response models: plan view with mezzanine position (left) and transverse section (right).

Yz

yz

. 4. Tributary areas considered for the simplified models: Model 1(left) and Model 2 (right).

simplified seismic demand models within the proposed framework.

The adopted geometry (Fig. 3) consists of a series of portal frames
composed of two columns and a double-slope beam supporting precast
roof elements. The beam length (L1), frame spacing (L2), and clear height
(H) are assumed equal to 20 m, 6 m, and 7 m, respectively. Similar
geometric assumptions are consistent with previous studies [27], while
material properties and connection details are defined consistently with
the adopted modelling framework.

4.1. Simplified numerical modelling approach

The seismic response of the base buildings was evaluated through
nonlinear multi-stripe analyses using simplified two-dimensional

o= ~9

== Roof element-to-beam connections
X Panel connection node

© Lumped mass

&) Plastic hinge

@ Yy Q

models in OpenSees [58]. The modelling strategy is aimed at
capturing the dominant nonlinear mechanisms governing the seismic
behaviour of precast structures, while maintaining computational effi-
ciency suitable for parametric analyses. Two simplified 2D models were
adopted to represent the structural response of the building in the
transverse (Model 1) and longitudinal (Model 2) directions, as shown in
Fig. 5.

e Model 1 (Fig. 5-left) represents an internal frame of the structure,
associated with the tributary area shown in Fig. 4-left. This model
consists of two vertical elements (columns) and one horizontal
element (beam), modelled with an equivalent constant cross-section.

==

6 23

& Xp & @

. 5. Simplified 2D modelling schemes for transverse (Model 1, left) and longitudinal (Model 2, right) directions.
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Fig. 6. Hysteretic models adopted for nonlinear components: Modified Ibarra-Medina-Krawinkler model (left) and elastic—perfectly plastic gap material (right). ko
and My denote the initial elastic stiffness and yield moment, respectively; 6, 0o, and 6. represent the pre-capping, post-capping, and ultimate rotations; Fy and dy

denote the yield force and corresponding displacement.

Table 8
Plastic hinge parameters for reinforced concrete columns used in the reference
building models.

ko ki/ko M, 9 Ipe 9y Myes
[kNm/rad] [-1 [KNm] [rad] [rad] [rad] [kNm]

Pre-84 4830 0.212 111 0.026 0.030 0.2 22
84-NS 12,200 0.075 178 0.048 0.035 0.2 36
84-S 43,100 0.070 263 0.017 0.043 0.2 63
2003-ND 9710 0.270 194 0.018 0.047 0.2 39
2003-D 20,062 0.230 383 0.020 0.043 0.2 77

This simplification is justified by the limited influence of beam slope
(typically around 10 - 15 %) on global seismic response.

e Model 2 (Fig. 5-right) represents two adjacent bays with the tributary
area shown in Fig. 4-right. This model includes three vertical ele-
ments and four horizontal elements, reproducing the mass and
stiffness distribution of the longitudinal direction.

Beams and roof elements are modelled as elastic components,

assuming that their contribution to nonlinear behaviour is secondary
compared to columns and connections [59]. This assumption is sup-
ported by post-earthquake observations, which indicate that seismic
damage in precast industrial buildings is mainly governed by plastic
hinges at the base of the columns and by the connections between pre-
cast elements. RC columns are modelled using a lumped plastic hinge at
the base coupled with an elastic element. Cracked stiffness is accounted
for by reducing the elastic modulus by 50 %. The nonlinear behaviour is
represented using the Modified Ibarra-Medina-Krawinkler model [61],
shown in Fig. 6-left, with the characteristics evaluated according to the
structural details (Table 8).

Connection behaviour is explicitly considered, as it represents a key
source of vulnerability in precast structures. Friction-based beam-to-
column connections are modelled using a Flat Slider Bearing element,
with a friction coefficient of 0.13 and an initial stiffness of 490 kN/m
[27]. Mechanical beam-to-column connections are idealised as pinned
joints at the global level, while their seismic performance is evaluated in
post-processing based on the corresponding demand parameters. This
assumption is consistent with common design practice and allows
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Fig. 7. Sa(T,)-drift relationships derived from multi-stripe analyses (transverse, longitudinal, and envelope responses).
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Fig. 8. Sa(T;)-roof acceleration relationships for the reference buildings.

isolating the influence of connection behaviour on global response,
which is subsequently accounted for through component-level fragility
functions. Roof connections are modelled consistently with construction
period. Friction connections are represented using Flat Slider Bearing
elements, while mechanical connections are modelled using
Elastic-Plastic hysteretic laws calibrated according to Bressanelli et al.
[21]. The adopted modelling strategy aims to capture the dominant
behaviour of connection systems rather than their full variability. While
connection response may be influenced by several factors (e.g. detailing,
degradation, and construction tolerances), these aspects are indirectly
accounted for in the fragility-based assessment framework, which in-
corporates variability at the component level, ensuring consistency with
the probabilistic nature of the assessment.

The boundary conditions consist of fixed supports at the base of the
columns. For Model 2, additional constraints are applied at the outer

ends of the roof elements, allowing rotation and horizontal displace-
ment. A uniform roof load of 5 kN/m? is considered, including the
contribution of beams and roofing elements.

4.2. Multi-stripe analysis and results

Nonlinear multi-stripe analyses [27,32] were performed using ten
intensity levels, selected to cover a wide range of seismic demand
consistent with the Italian MPS04 model [62]. The adopted spectral
acceleration values Sa(T,), in g, corresponding to a reference period T;
= 1.5 s, are equal to 0.010, 0.031, 0.061, 0.094, 0.134, 0.180, 0.235,
0.292, 0.382, and 0.573. For each intensity level, seven ground motion
records were selected using the REXEL tool [63], ensuring
record-to-record variability. The results of the multi-stripe analyses are
expressed in terms of Sa(T;)-EDP relationships for the considered
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Fig. 9. Relative displacement demand at the roof element-to-beam connections.
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Fig. 11. Dimensionless demand (normalised force and displacement) for vertical cladding panels.

reference buildings. Fig. 7 shows the Sa(T;)-drift curves. The left plot
and middle plots correspond to the transverse (Model 1) and longitu-
dinal (Model 2) directions, respectively, while the right plot shows the
envelope of the two. The results indicate a comparable structural
response in both directions.

From the envelope curves (Fig. 7-right), it emerges that the “Pre-84"
and “2003-D” buildings exhibit similar drift values up to 0.2 g. Beyond
this threshold, the “Pre-84" building shows a clear deviation from linear
behaviour. A similar trend is observed for the “84-S” and “2003-ND”
buildings, with the former exhibiting earlier nonlinear response. The
“84-NS” building shows significantly lower drift values compared to the
other typologies. Notably, the “84-NS” and “Pre-84” buildings exhibit
nonlinear behaviour at approximately 0.1 g and 0.2 g, respectively,
which can be attributed to the activation of sliding mechanisms in

10

friction-based connections.

Fig. 8 shows the roof acceleration as a function of the spectral ac-
celeration. The results confirm a consistent response in the two principal
directions, with acceleration increasing with Sa(T;). The highest accel-
eration demands are observed for the “84-NS” and “Pre-84” buildings,
indicating a greater sensitivity of older structures to seismic input.

Fig. 9 shows the relative displacement at the roof element-to-beam
connections. The results highlight the increased vulnerability of build-
ings with friction-based connections (“Pre-84" and “84-NS”), while post-
2003 buildings exhibit nearly flat curves, indicating improved seismic
performance.

Fig. 10 and Fig. 11 present the demand on cladding panels in terms of
out-of-plane force and in-plane relative displacement. Due to the use of a
2D modelling approach, out-of-plane forces are derived from Model 2
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Fig. 12. Examples of linearised Sa(T+1)-EDP relationships: (a) roof displacement and (b) roof acceleration.

when analysing Model 1, and vice versa. To obtain a consistent response
envelope, force and displacement demands are normalised with respect
to their corresponding design values [28,32]. The results indicate that,
for all building typologies, the response envelope is governed by
in-plane displacement demand. For horizontal panels (Fig. 10), the trend
closely follows the global drift response, whereas for vertical panels
(Fig. 11) a different pattern emerges, reflecting their distinct boundary
conditions and interaction mechanisms. Cladding panels may exhibit
both displacement-sensitive and acceleration-sensitive behaviour,
depending on the governing failure mode. In-plane damage is primarily
driven by relative displacements, while out-of-plane response is associ-
ated with inertial forces proportional to acceleration. In the present
study, both aspects are considered; however, the classification adopted
in Section 2 is based on the dominant in-plane response, in line with the
assumptions of the simplified modelling framework.

Similarly, masonry infills may also develop distinct in-plane and
out-of-plane failure mechanisms: the in-plane response is directly gov-
erned by drift demand, while the out-of-plane mechanism can be
assessed through an overturning-type verification based on a code-or-
iented approach [39], namely by considering the PGA as the governing
acceleration demand. In such a case, failure would correspond to the
attainment of DS5 (Table A.4 - Appendix), which is associated with risk
class C3. It is important to note that this simplified procedure does not
account for the interaction between in-plane and out-of-plane response
modes.

4.3. Linearization of Sa(T1)-EDP curves

The Sa(T1)-EDP curves derived from the multi-stripe analysis were
linearized to obtain simplified relationships suitable for practical
implementation of the proposed procedure (Eq. 3).

Yy =mSy(T1) 3)
where Sa(T;) is expressed in units of g.

A linear model passing through the origin is assumed, so that the
response is fully defined by the slope coefficient (m), representing the
sensitivity of the considered EDP to the seismic intensity. In agreement
with the observations reported in Section 4.2, the linearization was
performed by considering EDP values up to 0.2 g, corresponding to the
quasi-elastic range of the structural response. This choice allows the
exclusion of nonlinear effects observed at higher intensity levels,
ensuring consistency with the assumptions underlying the simplified
assessment framework. The resulting linear relationships, hereafter
referred to as baseline curves, represent the initial, near-linear behav-
iour of the system. Fig. 12 illustrates examples of the linearised re-
lationships for the roof drift ratio and the roof acceleration, while the
corresponding slope coefficients (m) are reported in Table 9.
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Table 9
Slope coefficients (m) of the linearised Sa(T1)-EDP baseline relationships for the
reference buildings.

Damage parameter/ Pre-84 84-NS 84-S 2003- 2003-
Element ND D
Roof displacement 7.053 4.724 7.700 8.856 8.012
Roof acceleration 24118  27.243  17.742  17.415 18.409
Roof element 0.600 0.510 0.027 0.002 0.001
Horizontal cladding panel 0.203 0.136 0.234 0.246 0.200
Vertical cladding panel 0.963 0.660 0.572 0.662 0.577

5. Parametric analyses for the definition of correction factors

Parametric analyses were performed to quantify the influence of key
building characteristics on the seismic response (Table 11), including
the fundamental period of vibration, the presence of structural irregu-
larities, cladding panels, masonry infills and overhead cranes. A refer-
ence building was adopted as a baseline configuration, corresponding to
a taxonomy-based archetype used to derive relative modifications of the
seismic response. This configuration is not intended to represent the full
variability of the existing building stock, but rather to provide a
consistent basis for the derivation of seismic demand models within each
taxonomy class. Accordingly, the results of the parametric analyses are
interpreted in a comparative manner, in terms of variations with respect
to the reference configuration rather than absolute predictions. The
selected geometry reflects recurrent structural features of Italian precast
industrial buildings, such as typical span lengths, column heights, and
connection layouts, as documented in previous studies [57].

The reference building used corresponds to the “84-S” typology, with
the geometry shown in Fig. 3. This configuration reflects the construc-
tion period immediately following the update of the national seismic
classification in 1984, which significantly expanded the number of
municipalities classified as seismic. Buildings constructed in this period
typically lacked modern capacity-design criteria, while friction con-
nections characteristic of the pre-1984 era were progressively replaced
by mechanical systems in seismic regions. For this reason, the “84-S”
building is adopted as a representative intermediate configuration of the
existing building stock.

It is assumed that the relative variations obtained from the para-
metric analyses can be extended, in a comparative sense, to the other
taxonomy classes listed in Table 6. This assumption is consistent with
the objective of defining correction factors applicable within the
taxonomy-based framework. The structural system consists of columns
with a square cross-section of 50 cm x 50 cm. The roof system is
composed of double-T precast elements with a span of 2.5 m, mechan-
ically connected to the beams by steel brackets anchored with M10 bolts.

Nonlinear multi-stripe analyses were performed using a nonlinear 3D



M. Eteme Minkada et al.

Table 10
Plastic hinge parameters for RC columns and forks used in the 3D parametric
models.

ko ki/ke M, 9 Ipe 9y My
[kNm/ [-] [kNm] [rad] [rad] [rad] [KNm]
rad]
Column 43,100 0.07 262.70 0.0174 0.0432 0.08 63.04
RC fork 5686 0.30 52.88 0.0067 0.0180 0.08 63.04
Table 11
Input parameters considered in the parametric analyses.
Parameter Reference Values
building
Fundamental period 1.5s 1.0s,1.55s,1.8s
Presence of structural No No, Yes
irregularities
Presence/Type of perimeter No No, Cladding panels,
enclosures Masonry infills
Presence of an overhead crane No No, Yes

Table 12

Variation of slope coefficients as a function of the building fundamental period.
reference period [s] 1.0 1.5 1.8
Period range [s] [0.8-1.2] [1.2-1.6] [1.6 - 2.0]
Roof displacement —20 % - +30 %
Roof acceleration - - -
Roof element -20 % - +15 %
Horizontal cladding panel —25% - +40 %
Vertical cladding panel —45 % - +95 %

model implemented in OpenSees [58], following the modelling strategy
proposed by Bosio et al. [32]. While the full modelling details are not
reproduced here for brevity, the key assumptions relevant to the present
study are summarised below. Both structural and non-structural com-
ponents are represented in the numerical model, allowing a detailed
assessment of their seismic behaviour. The main nonlinear mechanisms
considered include: plastic hinges at column bases and RC forks, hys-
teretic behaviour of roof-element-to-beam connections, nonlinear
response of cladding-panel connections, and contact interactions be-
tween precast elements. Plastic hinges (moment-rotation) at column
bases and RC forks are implemented using the Modified
Ibarra-Medina-Krawinkler deterioration model [61], with parameters
reported in Table 10.

Mechanical roof-element-to-beam connections are modelled through
zero-length elements governed by an elastic—plastic hysteretic law, with
secant stiffness and ultimate displacement equal to 1928 kN/m and
0.028 m, respectively. Contact interfaces between precast elements are
represented by compression-only zero-length elements with an elastic
stiffness of 1650 kN/m. Beam-to-column joints are modelled as simple
hinges, neglecting their nonlinear contribution. Preliminary analyses
indicate that the forces transmitted through these joints remain below
the sliding activation threshold, which represents the most critical
condition for friction-based connections. Therefore, including this
additional nonlinearity would increase computational demand without
producing a significant variation in the global response.

For the seismic input, 30 spectrum-compatible ground motions were
selected and grouped into 10 increasing intensity levels, using the same
procedure as for the definition of the Sa(T;)- EDP baseline curves. The
use of spectrum-compatible records ensures consistency with the target
response spectrum and reduces bias related to the fundamental period of
the structure. The selection of three records per intensity level is
considered sufficient, as the objective of the parametric analyses is to
evaluate relative variations of EDPs with respect to the reference
configuration rather than absolute response dispersion.
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Table 13
Mechanical parameters adopted for cladding panel connections.
Connection Direction ko Fy Gap
[-] [-] [kN/m] [kN] [m]
Horizontal panel Top connection In-plane 666 13 0.020
Out-of-plane 25,000 28 -
Bottom In-plane 10,000 100 -
Out-of-plane 1000 3 -
Vertical panel Top connection  In-plane 571 13 0.035
Out-of-plane 25,000 28 -

The first parametric study investigates the influence of the funda-
mental period of vibration. Variations in the fundamental period are
introduced by modifying the building height. A stiffer configuration (H
=5m, T~ 1.0 s) and a more flexible configuration (H=10m, T~ 1.8 5)
are considered. Table 12 reports the variation of the slope coefficients
relative to the reference building (T = 1.5 s). An increase in the
fundamental period results in higher displacement demands, particu-
larly for non-structural components. For T = 1.8 s, roof displacement
increases by approximately 30 %, while the variation in EDPs reaches
+95 % for vertical cladding panels. Conversely, for T = 1.0 s, a general
reduction in EDPs is observed. These results highlight the strong sensi-
tivity of non-structural components to changes in global stiffness and
dynamic properties.

Further parametric analyses examine the influence of structural ir-
regularities, cladding panels, masonry infills, and overhead cranes.
Structural irregularities are introduced by adding an intermediate floor
at approximately 4 m height in the first two spans, supported by addi-
tional columns (Fig. 3). Cladding panels are modelled considering both
horizontal and vertical configurations, with connections represented
using zero-length elements governed by elastic-perfectly plastic gap
materials. This modelling approach enables capturing both in-plane and
out-of-plane response of panel connections. The horizontal cladding
panels are connected to the columns through bearing connections at the
bottom and hammerhead anchors at the top, while vertical panels are
connected to the beam at the top and anchored to the ground at the base.
The behaviour of the panel-to-structure connections was modelled using
zero-length elements, implemented through various parallel “Elas-
tic-Perfectly Plastic Gap” materials (Table 13) allowing representation
of both in-plane [15,64] and out-of-plane behaviour [65,66].

Masonry infills are represented using nonlinear compression-only
springs calibrated with cracking and peak strength values of 260 kN
and 324 kN, respectively [67]. Two configurations of infills were ana-
lysed: half-height and full-height infills. An overhead crane with a load
capacity of 10 ton (self-weight of approximately 100 kN) was considered
in the model. Its inclusion involved the modelling of rail beams with
T-shaped cross sections (0.016 m?) along the longitudinal direction, and
a main transverse beam, assumed to be rigid. The crane was considered
unloaded, and thus only its self-weight was considered. It is worth
noting that the presence of the hoist mass on the crane might influence
the building’s structural response [68]. The crane is analysed in two
positions (end-span and mid-span), and the envelope of the response is
considered.

The results of the analyses (Table 14) show that structural irregu-
larities have limited influence on roof displacement, roof acceleration
and the response of the horizontal cladding panels, but significantly
affect local response parameters, with increases of up to +60 % for roof
elements. Cladding panels primarily affect roof acceleration (420 %),
while masonry infills significantly modify both roof acceleration (+45
%) and connection demand. The presence of an overhead crane reduces
roof acceleration (—45 %) and slightly affects vertical cladding response.
Overall, the results confirm that non-structural components and addi-
tional masses can significantly modify seismic demand, highlighting the
importance of including these effects in simplified assessment
procedures.
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Table 14
Variation of slope coefficients associated with different structural and non-
structural parameters.

Parameter Irregularity ~ Cladding Infill Overhead
panels panels crane
Roof displacement - - -33%
Roof acceleration - +20 % +45 % —45 %
Roof element +60 % -
Horizontal cladding - -
panel
Vertical cladding +15 % - +10 %
panel

6. Validation and application of the proposed procedure

The developed procedure was validated through two complementary
applications. First, the method was applied to a real industrial building
damaged during the 2012 Emilia earthquakes, allowing a direct com-
parison between observed and predicted damage and thus assessing the
reliability of the approach. Second, the procedure was implemented
within the GEOSAFE platform to demonstrate its applicability in real-
world decision-making contexts and its usability for non-expert users.

6.1. Case study: Validation against observed earthquake damage

To validate the proposed method through comparison with observed
damage, a precast industrial building damaged during the May 2012
Emilia seismic sequence was selected as a representative case study
[60]. The building is a single-storey precast industrial structure con-
structed in the 1970s in the province of Modena, Italy, with a rectan-
gular plan (35 m x 11 m) and a height of 6.2 m. The external walls
consist of masonry infill panels, and a mezzanine floor is present in the
first bay, used for office space. The seismic sequence that struck the
Emilia region in May 2012 was characterised by two mainshocks
occurring on 20 and 29 May.

The observed damage to the columns primarily involved cracking at
the base of the columns and around the ribbon window. The presence of
the ribbon window introduced a vertical irregularity, leading to a short-
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column effect and increased damage concentration. The masonry infills
contributed to an irregular structural response. At the roof level,
excessive relative displacements led to the collapse of roof elements
(Fig. 13-left), which in turn caused significant damage to the building
contents (Fig. 13-right).

Subsequently, the developed procedure was applied following the
steps described in Section 2. The seismic input was defined using the first
mainshock (20 May 2012, MRN station, 5.9 Magnitude, epicentral dis-
tance 4.7 km, peak ground acceleration 0.264 g), as the proposed pro-
cedure does not account for cumulative damage from multiple seismic
events.

Step 1. The building was constructed in the 1970s with a height of
6.2 m, therefore, the reference class “Pre-84” was selected. Relevant
characteristics include structural irregularities (due to the mezzanine
floor) and the presence of masonry infills.

Step 2. In the absence of information on retrofit interventions, the
initially selected reference class is maintained.

Step 3. The fundamental period was estimated using Eq. 3 with a =
0.45 and H = 6.2 m, resulting in T+ = 1.34 s. Since this value falls
within the range [1.2-1.6 s], no modification of the baseline curves is
required.

Step 4. The baseline slope coefficients were updated to account for
the specific characteristics of the building by applying multiplicative
factors (Table 15).

Step 5. The spectral acceleration Sa(T;) was determined from the
recorded response spectrum at the MRN station. To reduce

Table 16

EDP values for the case study building.
Considered EDP EDP value
Drift at roof level 2.0 %
Roof acceleration 15.0 m/s?
Beam-to-roof element relative displacement 0.413 m
Horizontal cladding panel-to-column relative displacement 0.087 m
Vertical cladding panel-to-beam relative displacement 0.476 m

Fig. 13. Observed damage patterns following the 29 May 2012 earthquake: collapse of roof elements (left) and consequent damage to building contents (right).

Table 15
Slope coefficient for the case study building.

Damage parameter Reference slope coefficients

Multiplicative coefficients

Case study building

Period class Irregularity Infill panels
Roof displacement 7.053 1.0 1.0 0.67 4.726
Roof acceleration 24.118 1.0 1.0 1.45 34.971
Roof element 0.600 1.0 1.6 1.0 0.960
Horizontal cladding panel 0.203 1.0 1.0 1.0 0.203
Vertical cladding panel 0.963 1.0 1.15 1.0 1.107

13
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Table 17
Exceedance probability of damage states for structural and non-structural
elements.

Column Roof element Masonry infill
Ds1 0.776 1.000 1.000
Ds2 0.619 1.000 0.997
DS3 0.467 1.000 0.951
Ds4 0.027 1.000 0.581
DS5 - 1.000 -

uncertainty in the estimation of T4, a preliminary modal analysis was
performed using MidasGen [69], resulting in T; = 1.24 s and Sa(T;)
= 0.43 g. The EDP values, reported in Table 16, were then computed
using the updated slope coefficients.

Step 6. Damage states were evaluated using the computed EDP
values and fragility curves. For each component, the probability of
exceeding each damage state was calculated. An example is reported
in Table 17.
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Step 7. The predicted risk classes were compared with observed
damage (Table 18). The results show good agreement for structural
elements, while a conservative estimate is observed for masonry
infills. This behaviour reflects the simplified nature of the method,
which prioritises robustness over exact prediction of damage.

The method identifies significant risk classes for both structural and
non-structural components, with risk classes of C3 and C5 for columns
and roof elements, respectively, and C2-C3 for infill panels. In the
absence of detailed information on building contents at the time of the
earthquake, a representative set of non-structural and content elements
was considered.

To assess the sensitivity of the proposed method, additional analyses
were performed by scaling the acceleration spectrum of the 2012 Emilia
earthquake to lower intensity levels, corresponding to Sa(T.) values of
0.2 g and 0.067 g. These values represent seismic scenarios associated
with the Life Safety (LS) and Damage Limit (DL) states for the site.
Table 19 compares the exceedance probabilities of selected damage
states for key elements while Table 20 reports the corresponding risk
classes. The results show a clear reduction in damage levels under lower

Table 18
Comparison between observed damage and predicted risk classes.
Observed damage states Risk class
Observed Estimated
Limited damage (DS2).
Columns C3 C3
Roof CS C5
elements
Masonry C2 C3
infills
Table 19
Exceedance probabilities for different seismic intensity levels (Emilia, LS, DL).
Column Roof element Masonry infill
Emilia LS DL Emilia LS DL Emilia LS DL
DS1 0.776 0.124 0.000 1.000 1.000 1.000 1.000 0.999 0.861
DS2 0.619 0.054 0.000 1.000 1.000 1.000 0.997 0.909 0.245
DS3 0.467 0.023 0.000 1.000 1.000 0.998 0.951 0.396 0.001
DS4 0.027 0.000 0.000 1.000 1.000 0.882 0.581 0.035 0.000
DS5 - - - 1.000 0.998 0.569 - - -
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Table 20
Comparison of risk classes for structural, non-structural, and content
components.

Elements Emilia 2012 LS DL
Structural elements Columns C3 co Co
Roof elements C5 c5 G5
Masonry infills C3 C1 C1
Vertical cladding panels C3 c3 C3
Horizontal cladding panel C3 c2 Co
Non-structural Sealant C2 Cl Cco
elements
Windows C3 Ccl cCo
Drywall partitions Cc2 c2 C1
Internal doors Cc2 c2  C2
Storage racks C3 c3 Co
Hydraulic elevator C3 c3  Co
Electric elevator C3 c3 Co
Refrigeration unit Cc2 c2 Co
Distribution panel Cco co Co
Contents Generator C3 co Co
Low-voltage electrical Cc2 co Co
panel
Control centre Cco co Cco
Compressor Cc2 co Co
Air handling unit Cc2 co Co
Cooling towers Cc2 co Co
Overhead crane C3 c3 Co

seismic intensities, with most components exhibiting limited or negli-
gible damage in LS and DL conditions. This indicates that the building
would have maintained adequate performance under moderate seismic
events. However, certain elements, such as roof components and vertical
cladding panels, remain highly vulnerable, highlighting intrinsic
weaknesses in their design.

6.2. Implementation and application within the GEOSAFE platform

The proposed methodology was implemented within the GEOSAFE
platform [70,71], an online tool developed by ANIA SAFE to support
seismic risk assessment and decision-making. The implementation en-
ables automated retrieval of site-specific seismic input, application of
the taxonomy-based classification framework, and rapid computation of
risk classes. The workflow mirrors the proposed methodology: the user
selects the building location, inputs basic information (construction
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year, height), and optionally provides details on retrofitting, irregular-
ities, cladding, and equipment. The platform generates a structured
report including risk classification results presented through a
colour-coded system, facilitating interpretation.

The output (Fig. 14) highlights the relative vulnerability of different
components, supporting rapid identification of critical elements and
prioritisation of mitigation measures.

7. Conclusions

In this paper, a taxonomy-based procedure for the seismic risk clas-
sification of single-storey precast industrial buildings has been pre-
sented, explicitly accounting for structural, non-structural, and content-
related components. The method incorporates key building character-
istics, including construction period, structural irregularities, cladding
systems, and the presence of overhead cranes, within a simplified yet
mechanically informed assessment framework.

A set of risk classes was defined by grouping seismic intensity levels
derived from the macroseismic scale, and these classes were assigned to
individual components based on the correspondence between global
damage scenarios and component-level damage states. Within this
framework, a taxonomy of precast industrial buildings in Italy was
established, identifying five reference classes associated with different
construction periods and seismic design practices. A complementary
procedure was also introduced to account for retrofit interventions when
defining the appropriate reference class.

The seismic response of the buildings was evaluated using a combi-
nation of simplified 2D numerical models and refined 3D models. The
2D models were employed to derive baseline Sa(T+)-EDP relationships
for each taxonomy class, while parametric analyses based on 3D models
were used to define correction factors accounting for building-specific
features. Damage assessment was performed through component-
specific fragility functions, with reference to FEMA P-58 for non-
structural and content elements.

The proposed procedure was validated through application to a real
industrial building damaged during the 2012 Emilia earthquake. A good
agreement was observed between predicted and observed damage for
the main structural elements, while a slightly conservative estimation
was obtained for non-structural components. This behaviour is consis-
tent with the simplified nature of the method, which is intended for
rapid assessment and prioritisation purposes rather than for detailed loss
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Fig. 14. Example of GEOSAFE output showing the component-based vulnerability matrix for a precast industrial building.
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estimation. The sensitivity analyses performed under reduced seismic
intensities demonstrated the capability of the method to differentiate
between different performance levels and risk scenarios.

The methodology was further implemented within the GEOSAFE
platform, enabling automated application and facilitating its use by non-
expert users. This implementation demonstrates the potential of the
proposed approach for large-scale screening, risk prioritisation, and
preliminary decision-making processes.

It is important to note that the proposed procedure primarily ad-
dresses the vulnerability component of seismic risk, while exposure and
consequence modelling are only partially represented. Future de-
velopments may focus on integrating economic loss models and
expanding the calibration of fragility functions, particularly for non-
structural and content-related components, to enhance the accuracy
and applicability of the method.
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Appendix A. Description of damage states and risk class assignment criteria

This appendix provides the qualitative definitions of the damage states adopted for structural, non-structural, and content-related components,
together with the criteria used for mapping damage states to risk classes. The adopted definitions are based on available literature [32,33] and are
reported in Tables A.1-A.6. For structural elements, damage states range from minor cracking to severe damage and collapse, while for non-structural
components they describe progressive degradation from initial detachment and cracking to extensive damage and failure, accounting for both in-plane
and out-of-plane mechanisms where relevant.

For content-related components, it should be noted that fragility models available in FEMA P-58 typically define a single damage state (DS1),
generally associated with loss of operability. In this study, this representation is extended for selected components to better capture different levels of
functional and structural damage. Two damage states (DS1 and DS2) are defined for storage racks and overhead cranes, distinguishing between loss of
functionality and structural damage or instability. This extension enables a more refined representation of the consequences associated with content
damage, which is particularly relevant in industrial buildings.

Table A.1
Assignment of seismic risk classes for the column.

Element Damage state Description Risk class
DS1 Micro-cracks appear primarily in the concrete cover; the section at the base of the column remains within its elastic range. Cc2
Column DS2 Limited damage: small cracks may develop, typically in concrete cover, without significant loss of strength or stiffness. Cc3
DS3 Extensive cracking, severe spalling, and exposure of reinforcement; noticeable reduction in stiffness and strength. C4
DS4 Collapse: extensive damage characterized by a loss of stiffness and a 50 % reduction in load-bearing capacity. Cc5

Table A.2
Assignment of seismic classes for the roof element.
Element Damage state Description Risk class
DS1 Yielding of connections or activation of sliding Cc2
Roof element DS2 Relative sliding of 1 cm C2
DS3 Relative sliding of 2 cm Cc3
DS4 Relative sliding of 4 cm Cc4
DS5 Collapse: relative displacement greater than 6 cm Cc5
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Table A.3
Assignment of seismic risk classes for the sealant, vertical and horizontal cladding panels.

Element Damage state Description Risk class
Sealant DS1 Micro-cracks visible on the surface, indicating initial deterioration C1
DS2 Collapse with loss of adhesion and functionality Cc2
DS1 Micro-cracks on the sealant -
Vertical panel DS2 Sealant failure -
DS3 Yielding of connections Cc2
DS4 Panel collapse Cc3
DS1 Beginning of sealant cracking -
Horizontal panel DS2 Sealant failure -
DS3 Yielding of connections Cc2
DS4 Panel collapse Cc3
Table A.4
Assignment of seismic risk classes for the masonry infills.
Element Damage Description Risk
state class
DS1 Separation of the infill panel from the reinforced concrete frame at the underside of the beam and along the height of the columns, = C1
Brick masonry with minor cracks in the masonry
infills DS2 Damage to the infill panel with the onset of diagonal cracking. C1
DS3 Extensive detachment of plaster; significant sliding at mortar joints and further development of cracks in the panel; crushing of Cc2
bricks; if there are openings in the infill, the window remains undamaged.
DS4 A large area of the masonry panel is affected by crushing/chipping of blocks/bricks, and the panel is close to collapse; if there are ~ C3
openings in the infill, the window is damaged.
DS5 Collapse due to in-plane mechanisms or out-of-plane overturning. -
Table A.5

Assignment of seismic risk classes for the windows.

Element Damage state Description Risk class
DS1 Frame-to-glass contact and minor perimeter crack on the glass Cl
Windows DS2 Sealant failure Cc2
DS3 Glass shift and gasket detachment Cc2
DSs4 Visible cracks on the glass Cc2
DS5 Large cracks and glass detachment Cc3

Table A.6
Assignment of seismic risk classes for internal drywall partitions and internal doors.
Element Damage state Description Risk class
DS1 Initial visible damage consisting of minor cracks (does not require panel replacement) Cl
Internal drywall partitions DS2 Significant cracks and crushings in the drywall panels Cc2
DS3 Severe damage to the panel and frame (requiring partition replacement). Cc2
Internal doors DS1 The door gets stuck and cannot be opened Cc2
DS2 Damage to the door lock and/or hinges Cc2
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