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ARTICLE INFO ABSTRACT

Keywords: This work aims to present an application of the tying force method recently proposed in the
Progressive collapse literature to a mid-rise post-and-beam timber building. Internal and edge column loss scenarios
Structural robustness are analysed. A steel-to-timber connection is proposed and extensively evaluated as a potential
Tying force method solution to ensure the robustness of the structure, thereby satisfying the requirements imposed by

Alternative load path

the tying force method and effectively minimizing the risk of progressive collapse of the structure.
Post-and-beam timber buildings

Finally, a parametric analysis evaluating the variation of the tying force as a function of the chord
rotation and different beam span lengths is carried out. The results obtained show that the tying
force method represents a promising and rapid strategy for designing robust post-and-beam
timber buildings falling in low and medium consequence classes.

1. Introduction

Several definitions of structural robustness can be found in the literature (see but not limited to those given in Refs. [1-3]), and
most of them are associated with the ability of the system to avoid structural consequences that are disproportionate with respect to the
extent of the triggering initial damage. The concept of structural robustness began to interest the scientific community following the
disastrous progressive collapse of the Ronan Point Tower in London in 1968 when, a gas explosion in the kitchen of a flat on the 18th
floor, caused the collapse of the entire south-east corner of the building, killing four people and injuring seventeen [4]. The issue
became of international interest after the events of September 11th, 2001, and the catastrophic progressive collapse of the World Trade
Centre. An analysis of different failures from the point of view of robustness is reported in Agarwal et al. [5]. Over the years, structural
robustness has been widely studied and analysed for concrete and steel structures, while only marginally for wood structures.
Nevertheless, the potential lower environmental impact of wood compared to reinforced concrete (RC) and steel has led to the
widespread use of this material in the construction field, including high-rise structures (i.e. structures characterised by having more
than 8 storeys according to Ref. [6]). For a description of some of the tallest wooden buildings completed in the last decade, readers can
refer to Ref. [7]. There is still, however, some scepticism about the use of wood in tall buildings over more traditional materials that are
considered safer [8]. Due to the complexity of wood as a building material, the possible occurrence of risky scenarios caused by certain
material criticalities is a factor that must be considered during the design process, especially in the case of high-rise buildings. Con-
cerning the structural robustness of timber buildings, it is worth mentioning the pioneering work of Milner et al. [9] named Timber
Frame project (TF2000) carried out in the UK in the late 1990s. In this work, an experimental campaign was planned to study
alternative load paths after the removal of timber panels forming the walls in a six-storey light-frame timber building. More recently,
Mpidi Bita et al. [10] numerically investigated the robustness of modern tall timber buildings where both a twelve-storey Cross
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Laminated Timber (CLT) building with platform construction and a nine-storey flat-plate CLT building were analysed. The results
obtained revealed that the development of catenary action within the horizontal elements is a fundamental requirement to guarantee
the collapse resistance of the structure. A linear static approach was applied by Mpidi Bita et al. [11] for the analysis of a six-storey
wooden office structure to guide structural designers in preventing disproportional collapse with simplified analysis tools. The
behaviour of a six-storey post-and-beam mass timber building, following the removal of a vertical load-bearing element, is analysed
through the application of linear static alternative load path analysis by Mpidi Bita and Tannert [12]. The work investigated three
different possible failure scenarios, removal of ground floor internal, edge and corner columns, to assess whether the structural system
was capable of triggering floor collapse-resistance mechanism and thus, determine possible alternative load paths for the prevention of
progressive collapse. A study that represented another step towards understanding the redistribution of loads in modern timber
high-rise buildings was conducted by Huber et al. [13], where a detailed finite element (FE) analysis of an eight-storey CLT building
subjected to a ground floor wall removal was performed. Numerical studies were carried out also by Cao et al. [14], with the pre-
liminary aim of estimating the dynamic amplification factors for column removal scenarios in two-dimensional (2D) timber frames. A
robustness quantification of a 15-storey post-and-beam timber building through non-linear dynamic FE modelling is described in Refs.
[15,16]. Three different cases of column removal on the ground floor were simulated in order to compare, through the analysis of the
different robustness indices, the different performances of the building as a function of the removed element. The work of Huber et al.
[17] summarises the state of knowledge about the robustness of timber structures whilst the works of Voulpiotis et al. [18] and Mpidi
Bita et al. [7] present a state-of-the-art regarding structural robustness in tall timber buildings.

The theoretical and numerical studies above-mentioned have been supported in the years by few experimental investigations.
Laboratory tests were conducted by Lyu et al. [19] on the collapse of a Y4-scale model reproducing glulam frames with CLT floors. A 2D
frame with double span beams simulating a column loss was studied. The objective was to investigate the potential for developing
catenary action using different beam-column connections. The 2D frame was tested both statically, with large deformations [19], and
dynamically [20]. A subsequent experimental campaign carried out by the same research group analysed the frames in three di-
mensions considering the contribution of the CLT floors. Three-dimensional (3D) structures made of glulam beams and columns
connected by CLT floors and subjected to a perimeter [21] and to a corner column [22] removal scenario were also tested. In these
tests, two different types of connections were considered.

The draft of the upcoming Eurocode 5 Design of Timber Structures includes few general clauses (provisionally in Section 4 Basis of
design) and an informative annex (provisionally named Annex R) addressing structural robustness and focusing on performance-based
design strategies. A comprehensive description of these draft clauses is given in Ref. [23]. The importance of addressing
robustness-related aspects early in the design process is emphasized in the draft Eurocode 5. This approach allows for a careful balance
between robustness requirements and other design considerations. The draft Eurocode 5 also underscores that achieving robustness
necessitates the implementation of suitable structural concepts and structural detailing, appropriate structural materials, and effective
quality management. The performance-based design strategies included in Annex R aim to limit the total damage that may occur
following assumed scenarios of initial local failure. Specifically, two key strategies are highlighted: (i) creation of alternative load paths
and/or (ii) segmentation of the structure. Annex R provides guidelines for (i) designing load-carrying elements that can be removed to
establish alternative load paths within the structure, and (ii) designing fuse elements that facilitate the segmentation of the structure.

The small number of studies carried out on the robustness of timber structures compared with those performed on reinforced
concrete and steel stresses how this topic is relatively undeveloped, where the limited design guidance for the design of robust timber
buildings represents a significant limitation for timber structural designers. In this regard, this work analyses a 6-storey post-and-beam
timber structure, representing an existing building, in terms of structural robustness by making use of the recent simplified tying force
method proposed by Izzuddin and Sio [24]. The building used as case study was built about 10 years ago in Italy without any structural
robustness requirements. Geometry, materials and loads are assumed from the original design, while the existing beam-to-column
connection is redesigned to meet robustness requirements. For confidentiality reasons, details about the building location and de-
signers are omitted. The new tying force method analyses the minimum resistance and ductility of the structure to avoid the
disproportionate collapse of the system following the loss of a vertical load-bearing element via horizontal tying.

In the following paper, section 2 reviews the simplified tying force method proposed by Izzuddin and Sio [24]. Section 3 provides a
description of the case study building highlighting the main features of the materials used, the structural elements, and the connections
adopted. Sections 4 and 5 report the application of the simplified tying force method in the case of the sudden loss of an internal and
edge column, respectively. Parametric analyses are performed in section 6 to evaluate the variation of tying force as a function of the
chord rotation and span length parameters. Finally, section 7 draws the main conclusions.

2. Review of the tying force method
2.1. Overview

Izzuddin and Sio [24] present a method for calculating the horizontal tying force for multi-storey building structures aimed at
preventing/mitigating progressive collapse. The method is cast within a simplified framework similar to existing requirements in
Ref. [2] but it addresses the shortcomings of such requirements via high-level features including the assessment of tying adequacy at
variable ductility levels, dynamic behaviour, and the combination of different sources of tying and load combinations based on a
practical superposition procedure. The method shares similar principles with the performance-based alternative load path approach as
adopted in modern design codes such as the UFC code [25]. The simplified tying force method was validated with reference to RC
framed structures and to a post-and-beam timber frames under a quasi-static column-removal scenario in Ref. [26] and in Ref. [27]
respectively.
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The general formulation of the tying force is provided by the following expression:

Tqu-(%)-P, 62012, (o in rad) (€8]

where:

e P =) P;is the total equivalent load obtained as a superposition from all the loads applied to the system;

e T = Ty is the total equivalent tying force obtained as a superposition from all active tying forces within the beam/floor system;

iris a tying force intensity factor that depends on the system under consideration. The intensity factor values are derived from the

principle of virtual work at a fixed chord rotation of 0.2 rad and thus vary according to the configuration considered;

e @ = /0.2 is introduced to allow for different levels of chord rotation capacity a (rad), representing the system ductility limit. The
rotation capacity « is that limit beyond which tensile catenary/membrane forces can no longer be sustained, typically due to
fracture of a joint, a reinforcement bar or a tying force component, and as such would represent the point at which the load
resistance provided via tying forces drops significantly [24];

¢ 5 is a dynamic amplification factor allowing of sudden column/load-bearing member loss. It can assume values between 1 for linear
static response to value close to 2 for linear system responses under dynamic loads and characterised by negligible damping;

e p is a reduction factor that allows for additional sources of resistance beyond tying action based on constant tying forces. It has a
maximum value of 1 if the resistance mechanisms are purely based on tying action. If other mechanisms such as the presence of CLT
panels or interaction between tying and flexural actions contribute to the redistribution of the load-bearing, p can have a value
lower than one [28].

Eq. (1) provides the basis for checking the adequacy of the equivalent tying force T to resist the equivalent load P for the maximum
normalised rotational capacity o of the system. The method also provides clear indications of the minimum chord rotation value for the
activation of the tying force and the ability of the surrounding structure to withstand the redistributed loads.

2.2. Tying via double-span beams

The case in which the tying is made by means of double-span beams with a negligible contribution of the floor is presented here. It is
assumed that the double-span beam deforms according to a three-hinge mechanism. Fig. 1 shows the static scheme considering the case
of unequal spans.

The relationship between the tying force and the applied load is obtained from a discrete equilibrium, established in terms of the
equivalence between virtual internal and external work in the deformed configuration. Intensity factors i;, equivalent tying forces T
and equivalent loads P are provided in Table 1 for typical tying via beams for equal and unequal double-span configurations, while a
comprehensive derivation is provided in Ref. [24]. The proposed approach allows the combination of different load distributions
through the superposition principle, where the equivalent load P is obtained by simply adding up the contributions of the different load

types.

2.3. Tying via floor system

The method proposed by Izzuddin and Sio [24] also provides intensity factors i, equivalent tying forces T and equivalent loads P for
the case where the tying is provided through the floor system. Bi-directional scenarios called two-way tying, and unidirectional
scenarios, called one-way tying, are considered in the case of the loss of an internal and peripheral vertical load-bearing element
respectively. Because the tying via floor system is not used as alternative load path in the case study, further details of the tying via
floor system are omitted here.

2.4. Interaction with the surrounding structure

The surrounding structure must be characterised by appropriate planar stiffness for the development of horizontal tying forces.
Regarding the tying via beams, Fig. 2 reports the interaction of a beam affected by the loss of a supporting column with its surrounding
structure, in which vy, represents the vertical displacement at the internal hinge location, while u is the total pull-in of the surrounding
structure under the full tying force F. It is possible to define an upper limit on the pull-in u for a specific rotational capacity a,
establishing a minimum level of planar stiffness from the surrounding structure that would enable full tying action before reaching the
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Fig. 1. Schematic representation of the tying via double-span beams (reprinted with permission from Elsevier [24]).
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Table 1
Tying parameters for double-span beams (adapted from Ref. [24]).
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Fig. 2. Interaction of tying beam with the surrounding structure: (a) pull-in of the surrounding structure under tying force (top view); (b) deformation mode and
parameters for tying via beam (reprinted with permission from Elsevier [24]).

ductility limit, by using the following expression ([24]):
L der\® L
<L _ . i
u+572 (a Ll) (1-‘:—1/2) 2)

In eq. (2) defs represents the distance over the cross-section between the centres of plastic rotation at the support and at the interior
hinges under bending action (Fig. 2), and § is the elastic beam elongation obtained under the full tying force.

2.5. Amplification of redistributed gravity loading

Following the removal of a load-bearing element, the amplification of gravitational loads must be considered when evaluating the
surrounding structure. In this sense, Izzuddin and Sio [24] provide tabulated amplification coefficients for typical loads considered for
tying via beams and the floor system.

3. Case study
3.1. Building description

A six-storey timber building for residential use is taken as a case study to apply the tying force method for the design of alternative
load paths in post-and-beam timber structures. The building under study is characterised by a regular cross-shaped floor plan with a
maximum length along the x-direction of approximately 44 m and a maximum length along the y-direction of approximately 34 m
(Fig. 3). The building consists of six floors above ground plus a roof, reaching a total height of about 21 m (Fig. 4). The building is also
characterised by the presence of a central RC core and two additional RC walls that mostly contribute to the lateral stiffening of the
building. Considering the high stiffness offered by the RC core and walls, the timber structure was designed to absorb vertical loads
only. Consequently, RC members were designed to carry horizontal loads resulting from seismic forces or wind actions. A simply
supported scheme was generally adopted for designing timber beams. Glued laminated timber (glulam) is used in all the timber
structural elements (i.e. beams, columns, and floors).

The timber columns at the ground floor are connected to a RC basement by means of metal plates and steel dowels. Along the height
of the building, the columns are not continuous but are interrupted at each level. To accommodate the slab panels, the upper part of the
cross-section of the main glulam beams reduces in width, as shown in Fig. 5a and Fig. 6. The beams are supported directly by the
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Fig. 3. Schematic plan view of the post-and-beam timber structure (unit: mm).
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Fig. 4. Vertical section (A-A) of the post-and-beam timber structure.

vertical timber elements by means of a cross-section reduction at the top of the columns. When this solution is not applicable, the
connection is made via metal links. Two strength classes of glulam, namely GL28c and GL32h [29], are used for timber columns and
beams. The selection of the strength class depends on the spans of the structural elements and the applied loads. In the subsequent
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1 Column 4 Joint metal plate
2 Internal beam 5 Stapler
3 Slab panel 6 Multilayer wood strip

Fig. 5. Details of (a) beam-to-column and (b) beam-to-panel connections.

sections, the analysed columns and beams are all assumed to be of strength class GL28c class of wood. The floors are made of glued
laminated timber panels lying side by side, class GL24h with a width of 640 mm and positioned against the main beams. Each slab
panel has a cross-section reduction on both sides to allow interconnection between two adjacent panels (see Fig. 5b and Fig. 6). Slab
panels are positioned on the beam notches and subsequently connected to the beams by means of two screws inserted at an angle of
45°. Following the fastening of the panels to the beams, a strip of multilayer wood is placed between the panels and connected to them
by a dense stapling (Fig. 5b). This construction solution ensures adequate stability and structural continuity of the slab, as well as an
even distribution of stresses along its entire surface. Moreover, it ensures adequate transmission of forces between panels and beams,
preventing undesired sliding or rotation. In correspondence with the RC walls, slab panels (see for example line H in Fig. 3) and beams
(see for example joint P9 in Fig. 3) are supported by angled metal plates, these last bolted to the RC walls. Subsequently, for slab panels
in correspondence with the RC walls, an additional metal plate welded to the top of the plate previously fixed to the concrete wall is
placed on top of the timber slab panel and then nailed to ensure a proper connection between the components. The cross-sections of the
beams, columns and slab panels are presented in Fig. 6. The typical metal plate adopted at the beam-to-column node is also shown in
Fig. 6.

3.2. Material properties

The strength characteristic values adopted for the glulam elements are deduced from Ref. [29] and are listed in Table 2, where f,
is the characteristic bending strength, f; ok is the characteristic tensile strength parallel to the grain, f, x is the characteristic shear
strength, f o « is the characteristic compressive strength parallel to the grain, Ep r, is the modulus of elasticity parallel to the grain and
pk is the characteristic density.

3.3. Load analysis

The actions applied on the structural elements are calculated according to the Italian technical code [30]. For the sake of brevity,
the load analysis is carried out only for the portion of the building considered in the alternative load path analysis. The following
permanent and live loads are used in this work:

o structural permanent load G; = 1.19 kN/m?, corresponding to the self-weight of the slab panels, equal to 1.19 kN/m?%;
o non-structural permanent load G, = 4.30 kN/m?, corresponding to the superimposed dead loads, equal to 4.30 kN/m?%;
o live load Qi = 2.00 kN/m?.

The building, located in northern Italy, was designed for seismic actions characterised by a peak ground acceleration of 0.072 g.
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Fig. 6. Cross-sections of beams, columns and slab panels and typical metal plate detail for beam-to-column connection (unit: mm).

Table 2

Values of characteristic strengths, modulus of elasticity and density for glulam timber elements.
Material type fmx (MPa) frox (MPa) fvx (MPa) feox (MPa) Eo,m (GPa) i (kg/m>)
GL24h 24 16.5 2.7 24 11.6 380
GL28c 28 16.5 2.7 24 12.6 380
GL32h 32 22.5 3.8 29 13.7 430

3.4. Existing connection

Beams and columns are jointed by employing a steel-to-timber connection made of two 8 mm thick external plates properly fixed to
the timber structural elements using nails with diameter (d) of 6 mm and length of 80 mm. The plate, fixed to the column with 12 nails,
ensures the fastening of the beams with 10 nails and the fastening of the column above with 18 nails (Fig. 5b and Fig. 6).

4. Internal column loss scenario
4.1. Overview

Design from actions from unspecified hazards can be treated with a notional damage scenario approach, which may include (i)
notional deterioration scenarios or (ii) notional element-removal scenarios. In the former case, the geometrical and/or material
properties of one or more structural elements are reduced whilst in the latter case structural elements are removed. In both situations,
the structural safety of the modified structure is then checked, to ensure that it can provide an alternative load path (ALP) for the
applied loads. Among the structural elements that can be notionally removed, the most common are columns (one or more) and
panels/walls (one or more). The notional removal scenario strategy is applied to the building under study. This strategy has been
largely applied in the literature to evaluate the robustness of buildings (see for example Rodriguez et al. [31] and Martinelli et al. [32],
among the others). The notional removal scenarios approach herein adopted is more conservative than the notional deterioration
scenarios approach. According to CNR DT 214/2018 (§6.5.5) [33], the typical failure modes for which the design strategy for
robustness is applicable are:
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1. Collapse of the column only (the beam-column node remains intact): in this case, robustness exploits the coupled behaviour
between:
a) residual tensile strength of the beam-column connection which allows the activation of a catenary behaviour of the beam itself
(second-order effects);
b) membrane resistance of the slab (adequate strength must be ensure to the connections in the presence of this stress state);
2. Failure of the beam-column node: in this case, the robustness is ensured exclusively by the membrane behaviour of the slab.

In the analysis presented in the following, the collapse of the column only is assumed, leaving the node intact, thus implying that
the robustness relies on the catenary action of the beam (point 1a mentioned above). Some of the causes that can lead to the sudden loss
of a vertical load-bearing element or the reduction of the load-bearing capacity in timber structures are described in detail in Ref. [34].
With reference to residential wooden buildings, the loss of a column can be attributed to various factors listed below not in order of
importance.

1) Blast damage: explosions in residential environments are typically due to gas leakage. A few cases of explosions associated with
scooter and e-bikes batteries are also documented. The pressure wave generated by an explosion can seriously damage the column
and impair its bearing capacity.

2) Fire damage: in the event of a fire, the heat can cause wooden columns to char and lose their load-bearing capacity, leading to
structural failure.

3) Moisture and decay: wood is susceptible to moisture infiltration and decay. Prolonged exposure to moisture, high humidity levels,
or water leaks can weaken the column’s integrity, causing it to deteriorate and eventually fail.

4) Insect infestation: wood-destroying insects, such as termites or carpenter ants, can significantly compromise the structural integrity
of wooden columns. These pests can hollow out or weaken the wood, making it susceptible to failure.

5) Poor workmanship or material quality: inadequate construction practices or substandard materials, can result in a weak or unstable
column, making it prone to failure.

6) Structural overloading: excessive vertical or horizontal loads on the column can lead to its failure. This can occur due to poor
construction practices, inadequate design considerations, or changes in the building’s use or occupancy that exceed the column’s
capacity.

7) Foundation issues: problems with the building’s foundation, such as settlement, uneven soil bearing, or inadequate support, can
place excessive stress on the column, leading to its failure over time.

It is clear that each of these causes could also partially damage the connection. Thus, the assumption of column removed and node
intact is a common and convenient simplification at the design stage.

In this section, the sudden loss of the internal column M9 is assumed to assess robustness of the parts of the building highlighted by
the corresponding dashed red rectangle in Fig. 3. This column corresponds to the vertical load-bearing element subject to the highest
load. The red cross in Fig. 3 and Fig. 4 indicates the sudden loss of the column, while the dashed red rectangle highlights the region
under consideration.

4.2. Loads

The beams 9.LM and 9.MN (see Fig. 3) are characterised by a length (Ipeam) of 3.35 m and 2.12 m respectively. The self-weight of the
beams, the self-weight of the slab panels, the superimposed dead load and the live load, are equal to 0.31 kN/m, 1.19 kN/m?, 4.30 kN/
m? and 2.00 kN/m?, respectively. Considering a net floor span in the y-direction equal to 4.81 m, the loads per unit length acting on the
beams are equal to:

e Gy =031+ 1.19-4.81 = 6.04 kN/m;
e G2 =4.30-4.81 = 20.68 kN/m;

, L2 = 3350 y L = 2120 0

(a)

LD LT

AvLg Cnyg
L + L2 = 5470 )

(b)

Fig. 7. Static scheme for (a) normal operating condition and (b) accidental condition in case of an internal column loss (unit: mm).
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e Qx =2.00-4.81 =9.62kN/m.

Fig. 7a illustrates the static scheme of the beams 9.LM and 9.MN in normal operating conditions. In this situation, the calculation of
the design load qq, according to the Italian Code [30] (§2.6.1, Tab.2.6.1), can be expressed as:

4a=761-G1 + 76 Go + 70 - O = 1.3-6.04 + 1.3-20.68 + 1.5-9.62 = 49.17 kN /m 3)

In the selection of the partial safety coefficient for applied loads yg1, the Italian Code (Tab.2.6.1) [30] allows to adopt the same co-
efficient as for the permanent structural loads (yg2 = yg1 = 1.3) if the non-structural permanent loads are fully defined.

Fig. 7b shows the static scheme of the beams when the internal column M9 (Fig. 3) is removed. In framed structures, when a column
is lost and the affected floors have similar structures and loading conditions, the axial force in the columns situated directly above the
removed column becomes negligible due to the redistribution effect [35]. Examples of alternative resistance mechanisms, such as
catenary action in the beams and Vierendeel beam behaviour in the frame system of the upper floors, are presented in Ref. [33].
However, in the current case study, this type of redistribution effect, which is commonly observed in structures with continuous beams
(e.g., RC structures), does not manifest due to the hinged behaviour of the proposed connection (see section 4.4). Therefore, the
removed column scenario at the ground level requires that the upper floors also be designed to be capable of developing catenary
action since equilibrium condition is achieved in the deformed configuration. In cases where the floors have similar geometry and
loads, like the one studied here, the axial force in the columns located above the removed one is negligible. Consequently, it is possible
to employ a simplified model, as depicted in Fig. 7b, which considers only a single floor system. To calculate the loads acting on the
area considered, the accidental load combination [30] is used, giving a load value per unit length, g, equal to:

Gaee =G + Wy - Ot = 2672+ 0.3-9.62 = 29.61 kN/m 4

where Gk = 26.72 kN/m and Qi = 9.62 kN/m. The coefficient yo; is assumed equal to 0.3 (Tab.2.5.I in Ref. [30]). This is valid for
residential spaces. For instantaneous actions, the value of kp,oq is 1.1 and, in the accidental load combination, the value of yy; is 1.0
(84.4.6. in Ref. [30]).

4.3. Determination of tying force parameters

The tying force requirement is provided by eq. (1). In the case of unequal spans (L; < Ly), the tying force intensity factor i, the
equivalent load P and the equivalent tying force T are deduced from Table 1:
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Legend: 1 beam plate 5 three rows of 8 dowels Shear plane 3
2 timber beam 6 one row of 6 bolis Shear plane 4
3 timber column 7 column plate
4 three rows of 6 dowels (d)

Fig. 8. Steel-to-timber connection: (a) front view, (b) horizontal section, (c) detail of steel plates and (d) detail for calculating the load-carrying capacity of the
connection involving multiple shear planes (unit: mm).
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T=F (7)

Following a conservative approach, the contribution of additional sources of resistance as the slab panels and the compressive arch
action is not considered (p = 1). Regarding the dynamic amplification factor 7, a value of 1.5 is adopted. This choice is based on the
numerical and experimental data so far available in the literature. According to the findings of Mpidi Bita et al. [10], dynamic sim-
ulations of a 12-story CLT building resulted in forces approximately 1.5 times higher compared to the results obtained from static
analysis. Experimental tests performed on 2-bay 'i-scaled timber post-and-beam substructures resulted in average dynamic amplifi-
cation factor values of 1.32 and 1.68 depending on the type of the connection [20]. Cheng et al. [20] suggest a dynamic amplification
factor value of 1.5 for ductile failure modes.

The building was designed without specific considerations related to the structural robustness. The shear forces at the beam-to-
column connection are entirely absorbed by the column support thank to its cross-section reduction and the existing joint metal
plates (see Fig. 5b) do not meet the necessary conditions to activate the catenary mechanism. For this reason, to promote alternative
load paths, a steel-to-timber connection similar to that proposed by Lyu et al. [19] is proposed and designed for the beam-to-column
node to absorb the tying force under internal and edge column loss scenarios.

4.4. Assessment of connections

The steel-to-timber connection proposed by Lyu et al. [19] is selected as a potential option to enhance the robustness of the
structure in comparison to the existing connection described in section 3.4. The connection was in fact specifically designed to resist
the loss of a vertical load-bearing element through catenary action, enabling a ductile failure in the connection, rather than brittle
failure in the timber structural elements. Considering the geometric characteristics of the beams and columns of the building under
analysis (Fig. 6), some modifications, compared to the original proposal, are introduced as described below. The proposed connection
depicted in Fig. 8 consists of a pair of 10 mm thick steel plates inserted into pre-cut slots in the beams (#1 in Fig. 8b) and a single 20 mm
thick steel plate inserted into a pre-cut slot in the column (#7 in Fig. 8b). The three plates are connected by six M18 bolts, class 8.8 (#6
in Fig. 8b), while the connection between the two plates and the beam is realised through 24018 dowels, class 8.8 with f;, ;. = 800 MPa
(#5 in Fig. 8b). The steel-to-timber connection proposed by Lyu et al. [19] was experimentally validated on Y-scale tests ensuring
rotation values of about 0.21 rad. Considering that the case study refers to a full-scale building and taking into account the specific
changes made to the original connection, a cautionary reduced rotation value (¢ = 0.15 rad) is employed in the present work. Referring
to eq. (1), the required tying force corresponds to:

T:n-p-%-P:1,5-1.%.80.98:495601(1\1 ®)

Therefore, to activate the catenary mechanism, beams and connections must provide a tensile force higher than 495.60 kN and be
able to undergo rotations of at least « = 0.15 rad without premature failure or reduction of the load-carrying capacity.

The resisting capacity of the connection is based only on steel bolts and plates and realised through six M18 bolts. It is provided by
the minimum resisting mechanism among ([36]):

a) bolt shear capacity Fy rg;
b) plate bearing resistance Fy, rd;
¢) tension plate resistance F; 4.

Mechanism (a) provides the minimum value:
Fyrk =0.6 - fip - Ag = 0.6-800-192 = 92.16 kN (C)]

where, in eq. (9) fup represents the ultimate tensile strength of the bolt and A is the threaded bolt area when the shear plane passes
through the threaded portion of the bolt. The design bolt shear capacity (Fyrq) per single shear plane is obtained from:

F, 92.16
R~ 92.16kN (10)

Fyra=
! M2 1.0

Based on the experimental results reported by Lyu et al. [19] and using a conservative approach, for rotation values of the joint at
failure of about @ = 0.15 rad only three bolts out of six are assumed to contribute to the axial bearing capacity. Therefore, the total axial
bearing capacity of the connection (Fy con) can be determined by multiplying eq. (10) for the numbers of working bolts (3) and the
number of shear planes (2):

Fv.con =FvRd 3.2 =1552.96 kN (11)

which results higher than the required tensile axial capacity calculated in eq. (8).

The connection on the beam is characterised by two slotted-in 10 mm thick steel plates and 2418 dowels. For connections
involving multiple shear planes, EN 1995-1-1 [37] (§8.1.3) requires that the load-carrying capacity of each shear plane be determined
assuming that each shear plane is part of a series of connections among sets of three elements (see Fig. 8d). The total load-carrying
capacity of the connection is then determined by calculating the sum of the minimum load-carrying capacities for each shear
plane. Referring to triplet A in Fig. 8d, representing a connection characterised by a steel plate interposed as a central element of a
double shear connection, the characteristic load-carrying capacity (Fyrk) is assumed to be the minimum among the resistance

10



D. Arcuri et al. Journal of Building Engineering 78 (2023) 107577

mechanisms corresponding to modes (f), (g), and (h) (§8.2.3 of [37]):

Joax-ti-d )
4-M,
Fyre=min{ foix -t -d- +7 1 (9 (12)
Joaxe fl
23/ Myy - foix-d (h)

In eq. (12) t; represents the smaller thickness of the timber member equal to 20 mm (see Fig. 8), fi, 1,k is the characteristic embedment
strength of the timber beam calculated from §8.5.1.1 of [37] and equal to 25.55 N/mm?, d is the fastener diameter equal to 18 mm, My x
is the characteristic fastener yield moment calculated following §8.5.1.1 of [37] and equal to 440473.47 Nmm. In failure modes (g) and
(h) rope effect has been neglected.

Failure mode (f) provides the minimum value:

Fypca =25.55-20-18 = 9.20 kN 13)
Considering that the steel-to-timber connection in triplet B is identical to that in triplet A (see Fig. 8d), it results that:
Fyrks = Fyrea = 9.20 kN (14)

Triplet C refers to a steel-to-timber connection realised with two steel plates as the outer members of a double shear connection
(Fig. 8d). Considering that the plate thickness (tyjqre = 10 mm) is included between 0.5d < tyjqre < d, with d equal to 18 mm, EN 1995-1-1
[37] (§8.2.3) recommends that the characteristic load-carrying capacity of these connections should be calculated by linear inter-
polation from the cases of thin and thick steel plates.

The characteristic load-carrying capacity of a steel-to-timber connection with thin steel plates as the outer members of a double
shear connection is equal to the minimum between the resistant mechanisms (j) and (k):

Fka—mln{ 05 ozu - t2-d (J) (15)

1.15-4/2-Myx - forx-d

In the case of thick steel plates as the outer members of a double shear connection, the characteristic load-carrying capacity of the
connection is assumed equal to the minimum between the resistant mechanisms (1) and (m):

kakmm{ 05 fozk 12 -d (l) (16)

2.3-\/Myy - foox-d

In failure modes (k) (eq. (15)) and (m) (eq. (16)), rope effect has been neglected.

Referring to eq. (15) and eq. (16), t» represents the thickness of the central timber element equal to 20 mm (see Fig. 8), f, 2k is the
characteristic embedment strength of the timber beam equal to 25.55 N/mm?, d is the fastener diameter equal to 18 mm, My is the
characteristic fastener yield moment equal to 440473.47 Nmm.

In eq. (15) failure mode (j) provides the minimum value while in eq. (16) failure mode (1) provides the minimum value. It is worth
pointing out that both failure modes, defined by the same expression, are specifically associated with the embedment failure of the
connected timber component. The characteristic load-carrying capacity of triplet C corresponds therefore to:

Fyrkc=0.5-25.55-20-18 = 4.60 kN a7

The total characteristic load-carrying capacity of the connection (Fyrkcon) can thus be defined as the sum of the minimum load-
carrying capacities for each shear plane:

FyRicon =Fyrisp1 + Furkspz + Fyrises + Fyrispa (18)

where F, gk sp1 and Fy i sp4 are the characteristic load-carrying capacity related to the shear planes 1 and 4, while Fy gk sp2 and Fy gk sp3
are the characteristic load-carrying capacities related to the shear planes 2 and 3 (Fig. 8d). Quantities Fy rk sp1, Fv,rk,sp2, Fv,rk,sp3 and Fy,
Rk,sp4 are calculated as:

Fv.Rk,SPl =I'yRKA — 920 kN (19)
Fyrspr =min(Fyria; Furk.c) =min(9.20;4.60) =4.60 kN (20)
Fyrisps = min(Fy g p; Furk,c) = min(9.20;4.60) =4.60 kN 21)
Fyrisps = Fyres = 9.20 kN (22)

According to eq. (18), the total characteristic load-carrying capacity of the steel-to-timber connection per fastener (Fy gicon)
corresponds to:

11
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Fyrkcon =9.20 + 4.60 + 4.60 + 9.20 = 27.60 kN (23)
The design load-carrying capacity of the steel-to-timber connection (Fy rk,con) per fastener is equal to:

Fv.Rd‘con = I'v Rk.con "
M

Considering 3 connectors per row (n = 3) and taking into account a distance between the dowels in the grain direction equal to 90

mm (a;, see Fig. 8c), the effective number (n.f) of dowels per row is calculated from eq. (8.34) of [37]:

4

13-4

Ner = Min <n;n°-°~ ):min(3;2.12) =2.12 (25)
The total axial force capacity of the connection (Fy con) is therefore determined by multiplying eq. (24) by the effective numbers nef
of bolts (2.12) and the number of rows (8):

Fycon=30.36-2.12-8 = 514.90 kN (26)

which is higher than the required tensile axial capacity calculated in eq. (8).

Furthermore, EN 1995-1-1 (§Annex A) [37] recommends that for steel-to-timber connections employing multiple dowel-type
fasteners subjected to a force component parallel to the wood grain near the end of the timber element, supplementary checks
related to potential brittle failures must be carried out. Specifically, the characteristic load-bearing capacity for fracture along the
perimeter of the fastener area, known as block shear failure and plug shear failure, can be assumed as:

_ 1.5 'Ancl,l 'ﬁ.(),k
Fonpic = ”‘ax{ 0.7+ Ay “Fos 7)

where Ape ¢ is the net cross-sectional area perpendicular to the grain corresponding to 28,120 mm? and Apet,y is the net shear area in the
direction parallel to the grain equal to 80,740 mm?. According to Table 2, f; o and f, i correspond to 16.5 N/mm? and 2.7 N/mm?
respectively. Quantities Apet ¢ and Apet,y are calculated from eq. A.2 and A.3 of [37].

Referring to eq. (27), the characteristic load-carrying capacity for fracture along the perimeter of the fastener area (Fps i) cor-
responds to 695.97 kN, which results higher than the required tensile axial capacity calculated in eq. (8).

Fig. 9 depicts the deformed configuration of the beam-to-column node caused by the sudden column loss at the maximum chord
rotation (¢ = 0.15 rad). In the background, the undeformed configuration of the structure serves as a reference, enabling a
comprehensive comparative analysis. The rotational displacement of the structural elements becomes apparent, accompanied by the
consequential behaviour exhibited by the connection. A close-in examination of the plate further shows the displacement of the dowels
within the slots, accompanied by the corresponding tensile forces acting upon them. It is evident that, with a maximum rotation of & =
0.15 rad, four out of the six bolts are activated. Therefore, considering three active bolts when evaluating the bearing capacity of the
connection (Fy con in €q. (11)) proves to be a conservative assumption.

While the proposed connection meets the verifications specified in EN 1995-1-1 (§Annex A) [37] regarding brittle failure modes,
there are two aspects of this proposal that are generally not recommended. Firstly, the use of stocky connectors is not advisable.
Secondly, the significant reduction in net cross-section area caused by the presence of holes and slots is also a concern.

Possible damage area (beam)
Possible damage area (column)
Column loss

Contact area

Fig. 9. Deformed configuration of the proposed steel-to-timber connection under column removal scenario.
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4.5. Assessment of the timber beams

The tensile force in the beam (Tpeam) must be sufficient to withstand the tying force T generated by the sudden loss of the column. In
the timber beam assessment, the net timber cross-section (Apeam,net) is considered. The largest cross-section reduction due to the
presence of the slots for the steel plates and the holes for the steel fasteners is in correspondence of the row of six M18 bolts (#6 in
Fig. 8b). The tensile force in the beam can be assessed as:

Toeam =/f10d * Abeamnet = 18.15-35320 = 641.06 kN (28)

where in eq. (28) f; 0,4 is the design tensile strength parallel to the grain. The tensile force in the beam results higher than the required
tensile axial capacity calculated in eq. (8).

Furthermore, it is important to specify that the combined bending and axial tension exerted on the beam in accidental condition
meet the requirements outlined in §6.2.3 of [37].

4.6. Assessment of the surrounding structure

The surrounding structure must provide sufficient stiffness after the removal of a vertical load-bearing element. To this regard, the
tying force method prescribes the application of eq. (2). Since the described connection is hinged, which implies no plastic rotation, the
parameter defr in eq. (2) can be reasonably assumed to be zero.

In eq. (2) & corresponds to the elastic extension of the beam, resulting equal to:

_F Li+L,  495.60-10°

“EAT 2 1260084000 2/ = 129mm (29)

where the required axial force F results in this case equal to the tying force T (eq. (8)).
The application of eq. (2) leads to a maximum displacement of the surrounding structure within which full catenary action may
developed equal to:

2120 2120
3350

MST.0.152. 1+7>—1.29:37.65mm (30)

It is worth to note that the combined axial displacements of both ends of the tie must be considered. In this scenario, the presence of
the two reinforced concrete cores could contribute to providing sufficient stiffness to the system so that the combined axial dis-
placements of the surrounding structure under the force F result less than 37.65 mm.

4.7. Assessment of the timber columns

The dynamic effects associated with the sudden loss of a column can be considered when evaluating the alternative load paths using
the dynamic amplification factor, which establishes an equivalent amplification of the vertical loading to the surrounding structure.
Izzuddin and Sio [24] provide tabulated amplification factors to be applied to the gravity loads depending on the type of scenario
investigated. For the case analysed, the amplification factor results equal to 0.25 + 0.75 x n = 1.375, with 5 equal to 1.5.

The values of the axial force acting as a result of the redistribution of the loads on the two columns adjacent to the removed one,
namely column N.9 and column L.9 (Fig. 3), are calculated in the following.

Referring to the internal column N.9, the determination of the axial force at the base of the ground floor under design conditions
(N4,n,9,t0t) is obtained through the following expression:

NaNo ot = Z Naxo.i (31

i=1

In eq. (31), n corresponds to the number of building’s storeys (n = 5), while Ny n,9,; represents the axial force in design conditions for
the i'™ floor, calculated as follows:

1 1
Nunoi= 5 da (Loono, + Looni) + Weotamni = 3 49.17-(2.1242.12) + 1.08 = 105.32 kN (32)

where qq represents the design distributed load calculated in eq. (3), while the terms Lyo no i and Lyg vn;i refer to the lengths of beams 9.NO
and 9.MN on the i floor, respectively. Additionally, the term Weolumn,i represents the self-weight of the column for the i'™ floor under
consideration. The total axial force acting at the base of ground floor of column N.9 (Ngn.9 tot) corresponds to 526.48 kN, resulting in an
axial stress at the base of the column (o¢0,4,n.9) equal to:

Nynowr _ 526.48 x 10°

. = = = 5.45 MP 33
Te0aNS =g e 96600 : (33)

Under the specified normal operating conditions, considering for instantaneous actions the value of kyoq equal to 0.8 (§4.4 in
Ref. [30]) and yy equal to 1.45 (§4.4 in Ref. [30]), the structural verifications in terms of load-bearing capacity (§6.1.4 in Ref. [37]) and
buckling (§6.3.2 in Ref. [37]) are satisfied.

In accidental load conditions, the axial force at the base of the ground floor (Nacc,n.9,t0t) can be determined using the following
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expression:

Nacc,N.‘),lol = Z Nacc‘N.‘)‘i (34)
i=1

In eq. (34), Nacc,n.9,i represents the axial force in accidental conditions for the ith floor, calculated as:
1 1 1
NaceNoi =75 Gace - Lo noi +1.375 "5 Gace (Lvoni + Loo.ni) + Weotumni =3 29.61-2.12

+1.375 -%-29.61 -(2.12+3.35) + 1.08 = 143.82 kN (35)

where g, represents the accidental distributed load calculated in eq. (4), while the terms Lyono.i, Lbo,mn,i and Lpg 1m,; refer to the
lengths of beams 9.NO, 9.MN and 9.LM on the i™ floor respectively. In eq. (35) the double-span contribution is amplified by the factor
1.375. The total axial force acting on column N.9 in accidental load conditions (Nacc,N.9,t0t), is calculated as the sum of the axial forces
for each floor, resulting in a value of 719.57 kN, providing an axial stress (6¢,0,acc,N.9) at the base of the column equal to 7.45 MPa.
Therefore, under accidental load conditions, the column is subjected to an overload factor of 1.37 compared to the design conditions.
However, for instantaneous actions the value of kyq is 1.1 and in the accidental load conditions, yy; is 1.0. As a result, the material
strength values are significantly higher than those calculated based on design conditions (kmoq = 0.8 and yy = 1.45). Consequently, the
higher material strength ensures that the column verification requirements are still satisfied even under accidental load conditions,
both in terms of load-bearing capacity and buckling. Nevertheless, due to the increased axial force at the base, additional verifications
of the foundation’s capacity should be conducted to ensure its adequacy. Applying a similar procedure to column L.9, which is omitted
here for brevity, confirms that the column also satisfies the requirements under accidental load conditions.

5. Edge column loss scenario

5.1. Loads

The simplified tying force method [24] is now applied with reference to an edge column loss scenario. The tying is provided via the
double-span beams. The edge column removal simulation is carried out on the structural frame 10, as highlighted in Fig. 3. Specifically,
the analysed area consists of beams 10.MN and 10.NO, while the column subjected to removal is the N.10. Beams 10.MN and 10.NO are
both characterised by a length (lpeam) of 2.12 m. The beam self-weight, the self-weight of the slab panels, the self-weight of the external
wall, the permanent load of the external wall, the superimposed dead load and the live load, are equal to 0.36 kN/m, 1.19 kN/m?, 1.08
kN/m?, 1.08 kN/m?, 4.30 kN/m? and 2.00 kN/m? respectively. Considering a net floor span of 2.405 m and an inter-storey height (hin()
of 2.68 m, the loads per unit length acting on the beams 10.MN and 10.NO are equal to:

e G =0.36+1.19-2.405+ 1.08 - hjy, = 6.12kN/m;
e G2 =4.30-2.405+ 1.08hjy, = 13.24 kN/m;
o Qx =2.00-2.405 = 4.81 kN/m.

In the analysis presented below, the collapse of the column only is assumed, leaving the node intact. Fig. 10a shows the static scheme of
the structural elements considered in normal operating conditions. In this situation, the design load gq can be calculated as:

4a=Y61" G + 76 Go +7g - O = 136,12+ 1.3-13.24 + 1.5-4.81 = 3232 kN/m (36)

IR

A m.10 B n.10 Co1o
5 L2 = 2120 4 L= 2120 v
(a)
UL [JLLLLLLL) o
A w10 Co.1o
B Li + L2 = 4240 y
(b)

Fig. 10. Static scheme for (a) normal operating condition and (b) accidental condition in case of an edge column loss (unit: mm).
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where the partial safety coefficients for the applied loads are those proposed by the Italian Code [30]. Fig. 10b shows the static scheme
when the edge column is removed (column N.10 in Fig. 3). In the accidental load condition [30], the load per unit length (gacc) acting
on the examined beams is equal to:

Gace =Gy + Wy, - O = 19.36 + 0.3 -4.81 = 20.74 kN/m (37)

where Gy and Qy; are the permanent and live loads respectively, acting on the analysed area, and the coefficient y3; = 0.3 refers to
residential buildings [30]. For instantaneous actions, the value of kpq is 1.1 and, in the accidental load combination, the value of yy; is
1.0 (§4.4.6. in Ref. [30]).

5.2. Determination of tying force parameters

The tying force requirement is provided by eq. (1). According to Table 1, for beams characterised by equal span, the tying force
intensity factor (if) is set equal to 2.50, whilst the equivalent load P and the equivalent tying force T are calculated as:

P=gu.-L=20.74-2.12 =43.97 kN (38)

T=F (39

Following the same approach described in section 4.3, the contribution of additional sources of resistance (i.e. slab panels and
compressive arch action) is not accounted for (p = 1), and the dynamic amplification factor is set to the value of 1.5 (4 = 1.5).
Additionally, the same steel-to-timber connection employed for internal column loss scenario is adopted in the following, which in-
volves the adoption of a chord rotation factor @ equal to 0.15 rad (see section 4.4). Referring to eq. (1), the required tying force
corresponds to:

i 2.50
T=n-p-=-P=15-1-—-43.97 = 219.85 kN 40
TPy 075 “40)

Therefore, to activate the catenary mechanism, beams and connections must provide a tensile force higher than 219.85 kN and be

able to undergo rotations of at least @« = 0.15 rad without premature failure or reduction of the load-carrying capacity.

5.3. Assessment of connections

The same steel-to-timber connection employed for internal column loss scenario (section 4) is adopted. For details on the calcu-
lation methodology, readers can refer to section 4.4. According to eq. (26), the total axial force capacity of the connection (Fy, con)
corresponds to 514.90 kN, which is higher than the required tensile axial capacity calculated in eq. (40) equal to 219.85 kN.

5.4. Assessment of the timber beams

In the evaluation of the tensile force in the beam (Tpeam), the same methodology as that described for the case of internal column
loss scenario is followed, resulting in a value of tensile force in the beam equal to:

Toeam =/10d - Abeamnet = 18.15-45320 = 822.56 kN (41)
Consequently, in the event of a sudden edge column loss, the tying force capacity of the beam results higher than the required
tensile axial capacity calculated in eq. (40) equal to 219.85 kN.

5.5. Assessment of the surrounding structure

The surrounding structure must provide sufficient stiffness after the removal of the vertical load-bearing element. According to
section 2.4, applying eq. (2) for beams characterised by equal spans (i.e. L; = L, = L), the maximum displacement of the surrounding
structure within which full catenary action may develop is:

dogr\ 2
L”) —5=2120-0.15—0.39=47.21 mm (42)

u<lL- <a—

Given that the adopted connection is hinged, which implies no plastic rotations, defr can be reasonably assumed to be zero. The
elastic extension § of the beam is equal to:

F 219.85-10°

0=Ea L= 1260092000

-2120 = 0.39 mm (43)

where F is the tensile force of the beam-to-column connection (see eq. (40)).

5.6. Assessment of the timber columns

Izzuddin and Sio [24] provide a table of amplification factors to be applied to the gravity loads depending on the type of scenario
under investigation, in order to assess the dynamic effects associated with the sudden loss of a column. For the case analysed, the
amplification factor turns out to be 0.25 + 0.75 x n = 1.375, with 7 equal to 1.5.

The values of the axial force acting as a result of the redistribution of the loads on the two columns adjacent to the removed one (i.e.
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N.10), columns 0.10 and M.10, are calculated in the following. Concerning the edge column O.10, the determination of the axial force
at the base of the ground floor under design conditions (Ng,0.10,t00) is obtained through the following expression:

N4,0.1000t = ZNd.O,IO,i (44)

i=1

In eq. (44), n corresponds to the number of building’s storeys (n = 5), while Ng ¢.10,; represents the axial force in design conditions for
the it floor, calculated as follows:

1 1
Nao.10i =5 da (Lo1o.0pi + Lotono.) + Weotumni =5 32.32-(2.1242.12) + 1.08 = 69.60 kN (45)

where qq represents the design distributed load calculated in eq. (36), while the terms Lp10,0p,; and Lyio,no0,; refer to the lengths of
beams 10.0P and 10.NO on the i floor, respectively. The total axial force acting at the base of ground floor of column 0.10 (Ny0.10,
tot) is 348.65 kN, resulting in an axial stress (c6,0,4,0.10) at the base of the column equal to 3.61 MPa. Under the specified design
conditions (kmoq = 0.8 and yy = 1.45), structural verifications in terms of load-bearing capacity and buckling are satisfied.

In accidental load conditions, the axial force at the base of the ground floor (Nacc,0.10,t0t) can be determined using the following
expression:

Nucc.O.]O,lol = Z NﬂCC.O.]U.i (46)

i=1

In eq. (46), Nacc,0.10,i represents the axial force in accidental conditions for the i™ floor, calculated as:

1 1 1 1
Nuce0.104 =7 Gace - Lyioopi +1.375 'y e (Lyionosi + Lotomn, ) + Weotamni =5 20.74-2.12+1.375 5 20.74-(2.12+2.12) 47)

+1.08 =83.52 kN

where g, represents the accidental distributed load calculated in eq. (37), while the terms Ly10,0p,i, Lbio,n0,i and Lp1o,mn;,; refer to the
lengths of beams 10.0P, 10.NO and 10.MN on the i floor, respectively. In eq. (47) the double-span contribution is amplified by the
factor 1.375. The total axial force acting on column O.10 in accidental load conditions (Nycc,0.10,t00); is calculated as the sum of the axial
forces for each floor, resulting in a value of 418.80 kN leading to an axial stress (6c,0,acc,0.10) at the base of the column equal to 4.34
MPa. This implies that, under accidental load conditions, the column is subjected to an overload factor of 1.20 compared to the design
conditions. For the reasons already discussed in section 4.7, it results that the column is verified even under accidental conditions,
while the foundations need to be carefully assessed due to the increased axial force at the base. By applying a similar procedure to
column M.10, which is not included here for the sake of brevity, it can be confirmed that the column also meets the requirements under
accidental load conditions.

6. Parametric analyses

The tying force method relies on the provision of a chord rotation capacity «, considered as the limit beyond which tensile cate-
nary/membrane forces can no longer be sustained and as such would represent the point at which the load resistance provided via
tying forces drops significantly [24]. The evaluation of the parameter « is, therefore, the key point for the application of the method. In
the specific case of post-and-beam timber structures, the rotational capacity a strongly depends on the type of connection between
beams and columns. The connection must be designed to guarantee rotation capacity, allowing the development of the catenary action
capable of providing sufficient resistance to create an alternative load path. Parametric analyses are proposed in the following with the
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aim of analysing the effects of chord rotation and beam span length on the tying force method. The following subsections deal with the
tying demand, while the details of tying capacity, which depend, for example, on the connection used, are omitted.

6.1. Variation of chord rotation (a)

A parametric analysis is first carried out for evaluating the trend of tying force required varying the parameter a. The general
formulation for calculating the tying force is provided by eq. (1). For the determination of the tying forces, the parameters extracted
from Table 1, which refer to the case of tying via double-span beams with equal spans (L; = L), are used, namely T=F, if=2.5and P =
Qace X L. Referring to section 4, a reference accidental load (gacc) equal to 29.61 kN/m is assumed. In terms of the length of the beam
spans, a representative value of 3.5 m is utilized, with both L; and L, set to 3.5 m. This choice is based on the maximum observed beam
span lengths in the case study (Fig. 3). Following the same approach employed in sections 4 and 5, the contribution of additional
sources of resistance is not accounted for (p = 1), and the dynamic amplification factor is set to the value of 1.5 (5 = 1.5; Fig. 11a —blue
marks). Additionally, to highlight the impact of the dynamic amplification factor on the tying force requirement, an additional curve is
included by considering a maximum value of the dynamic amplification coefficient (5 = 2; Fig. 11a — green marks).

Based on the chord rotation values obtained experimentally for commercial Y4-scale steel-to-timber connections [19], a lower limit
of @ = 0.10 rad is assumed. A value of @ = 0.22 rad is taken as upper limit for connections specifically designed for robust timber
buildings [19]. Fig. 11a shows the required tying force as function of the chord rotations a. From the graph, it can be observed that an
increase in the chord rotation capacity « leads to a considerable decrease in the tying force required with obvious consequence on the
load-carrying capacity of the connection. The progressive development of the catenary action allows the structural system to maintain
its load-bearing capacity even when subjected to large deformations. To fulfil the verifications imposed by the tying method, both the
beam and the connection must provide a resistance higher than the tying force. The timber beam is typically able to provide an axial
resistance higher than the value required by the tying force although the net cross-sectional area of the beam in proximity of the
connection can be significantly reduced due to notches and holes. Conversely, the connection needs to be correctly designed to
guarantee sufficient load-bearing capacity to resist the high tying force values required. Verifying the connection often turns out to be
the most severe check in a column loss context. The benefits offered by connections that can develop high rotations are well observed in
Fig. 11a.

Fig. 11b shows the relationship between the total pull-in displacement of the surrounding structure u and the chord rotation a. The
displacement u should be understood as the limit displacement that the surrounding structure must not exceed to allow the devel-
opment of the catenary action at a chord rotation a. The graph shows that an increase in the chord rotation capacity a results in an
increase of the limit pull-in displacement of the surrounding structure. Furthermore, it can be observed from the graph that the two
curves, for dynamic coefficient values of # = 1.5 and = 2, are nearly overlapping. This is because in the calculation of the pull-in
displacement u (eq. (2)), only the parameter § (eq. (3)), which accounts for the elastic extension of the double-span beam, varies
between the two curves, and 6 is considerably smaller compared to the other terms in eq. (2).

6.2. Variation of beam span length

The effects of beam span variation on the required tying force and for different chord rotation capacities o are evaluated in this
section. It is worth noting that larger beam spans result in higher total load values (as indicated in Table 1), leading to an increase in the
required tying force.

The general formulation for calculating the tying force is provided by eq. (1). For the determination of the tying forces, the pa-
rameters extracted from Table 1, which refer to the case of tying via double-span beams with equal spans (L; = Ly), are used, namely T
=F, if=2.5and P = gy X L. Referring to section 4, a reference accidental load (qacc) equal to 29.61 kN/m is assumed. Coefficients p
and 7 are assumed equal to 1 and 1.5 respectively. Fig. 12 shows the required tying force when varying the beam span dimensions. It
can be observed that an increase in the beam span length leads to a linear increase of the tying force required to avoid collapse. Higher
values of chord rotation capacity a allow to significantly reduce the required tying force.

7. Conclusions

Providing alternative load paths is one of the ways to prevent progressive collapse of a building, under some damage scenarios.
Currently, the main research effort on structural robustness is limited to reinforced concrete and steel structures, with little regard to
timber structures. The aim of this work is to present an application of the tying force method developed by Izzuddin and Sio [24] to a
timber building. The case study refers to an existing mid-rise post-and-beam timber building. The geometry, materials, and loads are
assumed based on the original design, while the beam-to-column connection is redesigned to meet the robustness requirements. The
new tying force method, while considering the required resistance via tying to the loss of a load-bearing member, preserves the
simplicity of the prescriptive rules present for example in Ref. [2], but at the same time has a mechanical basis similar to that used in
alternative load path analysis. The robustness of the building is analysed by simulating internal and edge column losses. Based on the
results presented, the following conclusions can be drawn:

o the axial capacity of the timber beam is in general substantially higher than the axial capacity of the connections. However, in the
connection region, the net cross-sectional area of the beam can be significantly reduced due to notches and holes, which can pose a
check as severe as the axial tensile capacity of the connector;

e since columns are unable to transfer tensile forces perpendicular to the grain, utilizing connections that pass through the column
and are fixed to the beams can be deemed as an effective solution to activate catenary action;
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e a steel-to-timber connection similar to that proposed by Lyu et al. [19] has been adopted in this study. The connection was
experimentally validated on Y-scale tests ensuring rotation values of about 0.21 rad. Cautionary reduced rotation values have been
assumed in the present study, and small-scale results should be extended to full-scale connections with care;

e the contribution of CLT slab panels and the potential compressive arch action in facilitating the alternative load path and trans-
ferring loads to adjacent frames and/or connectors has been disregarded. This assumption results in conservative outcomes;

e experimental tests on timber construction systems (i.e. timber beam and column system with slab panel) are required to ensure that
the connection used does not alter the hierarchy of strengths by creating undesirable damage to the columns adjacent to the
removed load-bearing element;

o finally, the case study has also shown that designing earthquake-resistant structures does not automatically imply satisfying
robustness requirements.
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