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Abstract: Italy is located in a very active seismic zone, and many earthquakes have marked the
country, some of them in the recent past. In order to take adequate measures of seismic prevention
and protection, in the last decades, the Italian Civil Protection Department (DPC) initiated a survey
and introduced a specific form for the quick and/or post-seismic assessment of buildings. This is
useful to obtain statistics on the types of structures and their vulnerability and a judgement on the
damage, leading to a decision about the possibility of reuse and/or the level of retrofitting to be
applied. Those activities have been developed since the beginning of 2000. This task is currently
carried out by the Italian DPC-ReLUIS project research, line WP2 on the inventory of building
structures, setting up the CARTIS form for any structural type, like masonry, reinforced concrete,
precast concrete, steel, and timber structures, the latter being mainly related to large span buildings,
extensively used in Italy. In this context, the paper presents the first draft of the CARTIS form for large
span timber structures that provides a general description for typical structural schemes, through the
singular points commonly considered as seismic structural vulnerabilities. Moreover, the statistics
on timber large span structures based on a sample of 10 buildings is presented.

Keywords: large span timber structures; seismic vulnerability; inventory of timber structures; quick
post seismic assessment of buildings; survey forms; CARTIS; large span timber buildings statistics

1. Introduction

The seismic vulnerability evaluation of a structure through quick level methods
implements empirical approaches [1-3], based on the analogy with structures of the same
type, having undergone seismic damage. The “quick” level, useful at territorial scale, is
based on the identification of simple elements significant for the structures vulnerability,
which are collected in specific survey form. Then, the procedure furnishes a vulnerability
index through the weighted combination of the vulnerability elements. The methodology
is a valuable tool that can be generally adopted in any kind of vulnerability investigation
of buildings [4,5].

Therefore, the quick level approach for the seismic vulnerability assessment is aided
by survey forms, describing the main features of a building that influence the seismic
behavior of the construction, which represent vulnerability elements.

In Italy, the first vulnerability forms were prepared by the National Group for the
Defense against Earthquakes (GNDT) for post-earthquake surveys [3]. They were conceived
to detect vulnerability and damage, without any specific concern for building usability.

A specific tool (AeDES) for damage assessment, short term countermeasures for
damage limitation, and evaluation of the post-earthquake usability of ordinary buildings
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was created in 1996/7 to be used by the Italian Civil Protection Department (DPC) after
the destructive earthquake Umbria-Marche in 1997. Since then, it was improved based on
the experience acquired in subsequent seismic events, i.e., Molise 2002, L’Aquila 2009, and
Emilia-Romagna 2012, from the AeDES 05/2000 up to the AeDES 07/2013 versions.

During the L’Aquila earthquake, the form was officially used as a tool for the dam-
aged building census (OPCM 3753, 6 April 2009) and introduced as annex in the DPCM
5/05/2011, as a first level form for the quick assessment of post-earthquake damage, first
interventions, and usability judgments for ordinary buildings. Subsequently a survey of
the Italian building heritage has started, aiming at the inventory of recurrent structural
types to obtain statistics on the structure types and judgements on the related damage. This
kind of survey can be used to decide about the possibility to use the building and/or about
the level of retrofitting to be applied. The form for the quick post-seismic assessment of
buildings formerly concerned the most common constructions, manly masonry buildings.
Afterward, it has been adapted and extended also to large-span or prefabricated structures
(GL-AeDES January 2014), mainly made of precast reinforced concrete. A further evolution
is the CARTIS form (typological-structural characterization of urban compartments; [3]),
in development within the DPC-ReLUIS project, working package WP2—Inventory of
structural type and existing building. A specific form is devoted to large span structures,
including timber ones. The latter category of constructions is more and more spread in
the built heritage, and it is under the attention of the international scientific community.
This is testified by several recent studies [5-16] dealing with the most common structural
types and the robustness assessment of existing timber large span structures. With specific
regards to the timber structural roofs and floors of monumental buildings, survey forms
have been also implemented within the European project COST Action FP1101 [17,18].

In this paper, a sample of 10 large span timber structures is presented that is represen-
tative of the most common types of timber constructions for public, sports, or productive
uses in Italy. Therefore, the CARTIS form preliminary proposal for large span timber struc-
tures is illustrated and applied to the sample of buildings. Based on this, the typological
analysis of the large span timber structures and the related statistics is presented.

2. A Survey on Long-Span Timber Structures in Italy
2.1. Overview of the Sample

Timber long-span building stock in Italy was analyzed, selecting 10 structures from
a sample of 101 buildings supplied by Rubner Holzbau for a study on typical structural
systems and seismic vulnerabilities [14].

The structures of the sample are selected to be as close as possible to the epicenters
of the last three main earthquakes that occurred in Italy: Abruzzo 2009, Emilia 2012, and
central Italy 2016. This choice was carried out in order to employ the sample in further
analyses on damages occurred and on possible vulnerabilities against earthquakes.

The sample represents the structures built in the period 1981-2014. In order to identify
the seismic zone in the national context, in Figure 1a, the epicenters of Italian earthquakes
with a magnitude greater than 5.5 in the period 1000-2014 are shown. The distribution of
the case studies on the territory is shown in Figure 1b, taken from the ShakeMap service
provided by the National Institute of Geophysics and Volcanology (INGV), which shows
the intensity curves of earthquakes.

In particular, the following 10 structures were analyzed in this work (Figure 2):

(1) Bentivoglio—Shopping center (B-Sc);

(2) Bentivoglio—Agricultural building (B-Ab);

(3) Castello d’Argile—Industrial building (CA-Ib);

(4) Correggio—Canteen of the Marconi state secondary school (C-Cs);

(5) Correggio—School gym of the Luigi Einaudi Technical Institute (C-Gs);
(6) Correggio—S. Francesco di Assisi State Primary School (C-S);

(7) Correggio—Supermarket (C-Sm);

(8) Crevalcore—Laboratory (C-L);
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(9) Galliera—Polisportiva gym (G-G);
(10) San Giovanni in Persiceto—Mezzacasa secondary school gym (GP-Gs).
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Figure 1. (a) Epicenters of the Italian earthquakes with moment magnitude greater than 5.5 in the period 1000-2014 and

(b) sample distribution in Italy as respect to the intensity contours of Abruzzo 2009, Emilia 2012, and central Italy 2016

earthquakes.

Looking at the utilization of these structures (Figure 2), agricultural or commercial
buildings and school gyms represent 65% of the sample; the remaining part consists of
sports halls, auditoriums, tourist centers, and other destinations of use. The information
retrieved for each structure was detected from the documents provided by Rubner Holzbau,
the executive drawings in every case, and the technical reports when needed.

The following section describes the most common structural types, taken from the
analysis of the sample buildings under study.

2.2. Structural Systems
2.2.1. General Features

Among the sample, the recurrent structural types (91 cases) present a timber roof
supported by reinforced concrete (r.c.) or steel vertical elements and only in a very low
number of structures by masonry walls. In the remaining 10 cases, the entire load-bearing
system is composed of timber elements.

The surfaces covered by the roof structures are distributed almost on every range of
dimensions up to 13,871 m?. In most cases (73 of 101), only one nave is detected, whereas
the remaining cases show up to five naves. The lengths of the main beams range between 6
to 51 m, more frequently between 10 to 30 m. Span between main beams is in the range of
1 to 32 m. Average height from ground level ranges between 3 to 14 m.

Three main static schemes are detected: portals with columns fixed at the base and
hinged main beams; three-hinged arches; and three-hinged arches with beam to column
moment resistant connections. In addition to these three schemes, six structures show
a shape and a distribution in plan of the load-bearing elements that are unique and not
observed also outside the survey.

The roof bracing system is generally realized by X steel braces, rods, or strips. Further-
more, timber linear elements are used in some cases as bracing system, either with single
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diagonal or K scheme. In 15 cases, with restraints along the entire perimeter of the building
or in special schemes, like a circular shape in plan with main beams distributed on the rays;
braces are not present because they are unnecessary.
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Figure 2. The sample of buildings.
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2.2.2. Portals with R.C. or Steel Columns Fixed at the Base Supporting Timber Roofs

Among the sample, 91 structures present r.c. or steel vertical elements and a timber
roof, with the columns fixed at the base and the main beams hinged to the top of the
columns. Indeed, only six more cases include timber (glulam) columns.

The example reported in Figure 3 is a school gym in Carpi (MO), built in 1995. The
structure is a r.c. frame that supports timber main beams with a span of about 26 m
and secondary beams 5 m long, covering an overall area 26 x 30 m2. The connection is
assembled through two dowels on each support (Figure 3d). The roof bracing system is
realized with steel rods, cross arranged.

(b) (c) (d)

Figure 3. School gym in Carpi (MO, 1995): (a) external view, (b) plan view, (c) section along main beams and (d) detail of

the connection between column and main beam (courtesy of Rubner Holzbau).

(a)

2.2.3. Three-Hinged Arch

Among the sample, two buildings have a three-hinged arch structural system with
two main monolithic beams for each portal.

The example shown in Figure 4 is a sports hall in Mirandola (MO), built in 1985.
Each arch has a span of about 37 m, and the secondary beams are 7.75 m long; the total
covered surface is 37 x 46.5 m2. The arch hinges are assembled using bolted connections
(Figure 4d). The roof bracing system is made of cross-arranged teel bars.

(b) () (d)

Figure 4. School gym in Mirandola (MO, 1985): (a) external view, (b) plan view, (c) section along main beams, and (d) detail

of the connection between column and main beam (courtesy of Rubner Holzbau).

2.2.4. Three-Hinged Arch with Beam to Column Moment Resistant Connection

Among the sample, two buildings present a three-hinged arch system with a moment
resistant connection between column and beam, realized through dowel type connectors
distributed in a circular radial configuration (Figure 5d).
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Figure 5. Pool in Acquasanta Terme (AP, 2006): (a) external view, (b) plan view, (c) section along main beams, and (d) detail

of the connection between column and main beam (courtesy of Rubner Holzbau).

The example reported in Figure 5 is a pool in Acquasanta Terme (AP), built in 2006.
Each arch has a span of about 31 m, and secondary beams are 6 m long, covering an overall
area of 31 x 36 m?. The roof bracing system is realized with steel rods.

3. The CARTIS Large Spans Form
3.1. Overview of the CARTIS Large Spans Form

The first level CARTIS form was designed to provide information on the different
types of buildings commonly found in municipal (or province) or sub-municipal areas
(districts), characterized by a homogeneous structural typology, construction age, types,
and similar structural techniques. The goal is to define an organized database to collect the
typological and structural characteristics of the buildings and, therefore, to quantify the
exposure on a territorial scale.

The CARTIS form is based on the extensive experience acquired in the development
and application of the AeDES form (Section 1), although the contents are different. It is
divided into the following four sections:

Section 0: for the identification of the municipality (or province) and districts;

Section 1: for the identification of each prevalent constructive type within the districts;

Section 2: for the identification of the general characteristics of the constructive types
analyzed;

Section 3: for the characterization of the structural elements of the constructive type
analyzed.

Below, “CARTIS Large Spans form [19]: 1st level form for the typological structural
characterization of large span buildings” (Annex A and B) is described in more detail. In
particular, it consists of two main parts. The first part, nine pages and three sections, is
related to the building scale, focusing on the single building (called “Building”, Annex
A), and it is aimed at the identification of all the structural features. The second part,
14 pages and three sections, is related to the territorial scale, focusing on the district
area (called “Districts”, Annex B), and it is aimed at identifying the structural types,
materials, construction technologies, and state of conservation of the buildings, which are
recurrent and characterize the specific district, for the census of structural types of existing
constructions.

The CARTIS form provides a general description of the buildings, starting from the
geographical, administrative, and urban localizations, going through the identification of
the constructional type (masonry, reinforced concrete, steel, timber, and precast reinforced
concrete), up to roofs or foundations, to finish with other information concerning regularity,
openings, state of conservation, type of stairs, and type of past interventions. The greatest
evidence is always given to the seismic vulnerability elements. The form is divided in the
main sections and subsections listed in the following Table 1. It is at a validation stage of
the preliminary version. In Figures 7, 9, 11, 16, 19, 21, and 25, the English version of the
sections 0, 1A, 1B, 2A, 2B, 2C, and 3, respectively, belonging to the CARTIS “Buildings”,
is provided.
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Table 1. Contents of the CARTIS form.
CARTIS: “Buildings” (Annex A)
0 Identification of municipality and building
1A Identification of the building constructive technology
1B Identification of the building typology
2A Description of the building
2B Presence of blocks added to the main structure
2C Typology of connections, panels, special loads, other non-structural elements
3 Other information

CARTIS: “Districts” (Annex B)

0 Identification of the municipality (or province) and districts
1 Identification of the constructive technology
2 General features

3A Characterization of masonry type

3B Characterization of reinforced concrete type

3C Characterization of steel type

3D Characterization of timber type

3E Characterization of precast reinforced concrete type

3F Roofs and foundations

3G Other information

In particular, with regard to the CARTIS: “Buildings” (Annex A, [19]), Section 0 “Iden-
tification of municipality and building” (Section 4.2, Figure 7) collects the following data,
subdivided in subsections: (a) localization; (b) identification data of the ReLUIS research
unit (UR), filling the form based on the investigation, such as the UR code, affiliation,
qualification; (c) identification data of the technician of the municipality interviewed; and
(d) identification data of the building, such as class of use, code of use, and position of the
building, if it is isolated, internal, external, or in a corner.

Section 1A, “Identification of the building constructive technology” (Section 4.3,
Figure 9), allows the selection of the appropriate technology (r.c., precast r.c., steel, timber,
masonry, composite steel-r.c., other material to be specified) associated to the structural
elements, such as vertical and horizontal elements, roof, and foundation, identifying a
homogeneous or mixed system.

Section 1B, “Identification of the building typology” (Section 4.4, Figure 11), collects
general metrics data, such as number and span of naves and bays, column height, together
with information about the sub-systems, such as the type of vertical seismic resistant system
and connection with the horizontal floors, the presence and type of bracing system and
members, as well as of anti-seismic devices, the type of roofing system, closing elements,
and foundations structures.

Section 2A, “Description of the building” (Section 4.5, Figure 16), collects metrics data
of the building, such as number of stories and underground stories, average inter-story
heights, maximum column height, and average story area (m?). Age of the building, use,
and exposure, such as type and percentage of use, as well as ownership (if public or private)
are also requested.

Section 2B, “Presence of blocks added to the main structure” (Section 4.6, Figure 19),
allows the identification of the position with respect to the main structure, the features
of the possible added blocks, selecting the appropriate constructive technology of the
structural components, the metrics data, the function, and the connection both to the main
structure and between blocks.

Section 2C, “Typology of connections, panels, special loads, other non-structural
elements” (Section 4.7, Figure 21), allows the definition of the type of connection between
structural elements (foundation to column, column to beam or panels, beam to floor, beam
to roof or column to roof, column to panels, panels to structure), the type of panels, the
special loads, and the presence of other non-structural elements (like tanks, pipelines, silos,
dangerous materials, and walkways for equipment connecting systems).
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Section 3, “Other information” (Section 4.9, Figure 25), collects data about regularity
in plan and in elevation, opening in fagade, and state of conservation of the structural and
non-structural parts of the building.

With regard to the CARTIS: “Districts” (Annex B, [19]), in particular Section 0, “Iden-
tification of the municipality (or province) and districts”, collects the following data,
subdivided in subsections: (a) localization; (b) general data, such as number of inhabitants,
year of first seismic classification, and number of buildings; (c) number of homogeneous
districts; (d) identification data of the ReLUIS research Units; (e) identification data of the
technician of the municipality interviewed; (f) constructive technologies present in the
district; and (g) urban plan with delimitation and numbering of districts.

Section 1 “Identification of the constructive technology” allows the selection of the
appropriate technology (masonry, r.c., steel, precast r.c., or timber) and the corresponding
code; further, it assesses the position in the urban context (isolated or in aggregate buildings,
either statically independent or connected). The picture should be provided.

Section 2, “General features”, collects metrics data, such as number of stories, number
of underground stories, average inter-story height, maximum column height, average story
area (m2); age of construction and of possible retrofitting; exposure, such as destination of
use (residential, productive, commercial, offices, public services, deposit, strategic, touristic,
parking, sports, and expositions); number of units of use; percentage of use; number of
occupants in service and maximum ones; and percentage of public and private properties.
Plan and section drawings are also required.

Section 3A, “Characterization of masonry type”, collects data about structural lay-
out, masonry features, presence of rubble masonry, transversal connections, ring beams,
buttress, masonry thickness, slab and vaults features, mixed constructions, mortars, colon-
nades, loggias, and other vulnerability elements.

Section 3B, “Characterization of reinforced concrete type”, collects data about struc-
tural layout and type, presence of separation joints, structural bow windows, frames in one
direction, stocky members, infill walls, column sizes and reinforcing bars, and slab type.

Section 3C, “Characterization of steel type”, collects data about structural layout,
structural system in elevation as respect to the floor slab type, structural member and
bracing system types, presence of anti-seismic devices, and type of joint connections.

Section 3E, “Characterization of precast reinforced concrete type”, is similar to the pre-
vious section 3C for steel structures. Type of pre-stressing system should be also specified.

Section 3F, “Roofs and foundations”, collects data describing roofs, such as overall
stiffness, maximum span, presence of in plan braces, type of system (single or double
layouts of main members, either with solid section or hollow section or truss, plane or
simple or double curvature layout, presence of ties, and thrusting elements), type of closing
elements (horizontal or pitched floor, shed, skylight, adjacent or spaced tiles, vaults, and
light elements), as well as data related to the type of foundation (shallow, deep, continuous,
or discontinuous).

Section 3G, “Other information”, is related to the in plan and in elevation regularities
requirements, percentage of openings in the facades, state of conservation of structural and
non-structural elements (poor, medium, or good), possible typical structural retrofitting
interventions (local, seismic improvements, and seismic upgrading), and type of stairs
(flying slab, knee beam and cantilever steps, timber stairs, and flying buttress).

The specific Section 3D, focusing on timber constructions, is detailed in the next section.

3.2. The Draft CARTIS Large Spans Form for Timber Structures

Previous sections from 0 to 2, 3F, and 3G are general, to be applied to any type of
construction, including timber structures. The specific “Section 3D” for the characterization
of timber structures [19], which is now under evaluation, is illustrated hereafter, and the
English version is provided in Figure 6. It has to be noticed that the square box can be
selected for the multiple choice, while the circle is for a single choice.
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Then, type of the structural elements, such as columns, beams, and braces, through
the indication of the recurrent sections, can be specified, together with the bracing systems,
such as single diagonal, concentric X, K, or V braces configurations, eccentric braces,
symmetric or not symmetric portals with the corresponding percentage in transversal
and longitudinal directions. They can be either hybrid, which integrate two or more
technologies, or dual, which are composed by complementary systems, possibly equipped
with antiseismic devices.

Finally, joints and connections can be described, considering the type of connection
(timber—timber or timber—steel), the number of shear planes, and the type of connectors
(nails, bolts, dowels, screws, or circular radial joints).

4. Typological Statistical Analysis of Timber Large Span Structures Based on the
CARTIS Form

4.1. Metodology of Analysis

The sample case studies were analyzed with the aim, on one hand, of creating an
inventory of the large-span timber buildings, and, on the other hand, of carrying out
a statistical study based on the compilation of the CARTIS form, providing a general
description for typical structural schemes. Therefore, the procedures for the statistical
elaboration of the data characterizing the structures belonging to the sample are developed,
implementing the CARTIS large span form, which constitutes a useful tool to identify
the large-span structural types and their recurring peculiarities. Hereafter the statistical
analysis is provided with reference to each significant section of the CARTIS Building form
and the 3D section of the CARTIS District form filled for the case studies.

4.2. Section 0: CARTIS-Building: Identification of Municipality and Building
The English version (E.v.) of the Section 0 is presented in Figure 7.

Figure 7. Section 0 CARTIS-Building: Identification of municipality and building (English ver-
sion [19]).
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(@) (b)

Figure 23. Section 3D CARTIS-Districts. Characterization of timber type: (a) Type and (b) Distribution of bracing systems.

Type of Connection

In all analyzed cases (100%), connections are made with bolted steel connectors
(Figure 24).

Figure 24. Section 3D CARTIS-Districts. Characterization of timber type: Type of connections.

4.9. Section 3 CARTIS-Building: Other Information
The English version of the Section 3 is presented in Figure 25.

Regularity

The regularity in plan and in elevation are shown in Figure 26 for each case study.
With regard to the regularity in plan, all buildings have a compact and symmetrical plan,
as well as the ratio between the major and minor sides in plan that is lower than four; six
out of 10 buildings (60%) have in plan setbacks that do not exceed 5% of the total area, and
for four buildings data are not detected; all buildings have uniformly and symmetrically
distributed external walls; seven out of 10 buildings (70%) do not have eccentric cores
and blocks and three out of 10 buildings (30%) have eccentric blocks; seven out of 10
buildings (70%) have symmetrical arrangement of continuous shear walls or reticular
bracing systems, and for three buildings data are not detected. Regarding the regularity
in elevation, nine out of 10 buildings (90%) have systems resistant to horizontal actions
extended along the height of the building and do not have floor offsets; one building out
of 10 (10%) does not meet this requirement; five out of 10 buildings (50%) have external
walls uniformly distributed along the height and do not have ribbon windows, and for five
buildings data are not detected.
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