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Abstract: Simplified seismic design procedures mostly recommend the adoption of rigid floor
diaphragms when forming a building’s lateral force-resisting structural system. While rigid behavior
is compatible with many reinforced concrete or composite steel-concrete floor systems, the intrinsic
stiffness properties of wood and ductile timber connections of timber floor slabs typically make
reaching a such comparable in-plane response difficult. Codes or standards in North America widely
cover wood-frame construction, with provisions given for both rigid and flexible floor diaphragms
designs. Instead, research is ongoing for emerging cross-laminated-timber (CLT) and hybrid CLT-
based technologies, with seismic design codification still currently limited. This paper deals with a
steel-CLT-based hybrid structure built by assembling braced steel frames with CLT-steel composite
floors. Preliminary investigation on the performance of a 3-story building under seismic loads is
presented, with particular attention to the influence of in-plane timber diaphragms flexibility on
the force distribution and lateral deformation at each story. The building complies with the Italian
Building Code damage limit state and ultimate limit state design requirements by considering a
moderate seismic hazard scenario. Nonlinear static analyses are performed adopting a finite-element
model calibrated based on experimental data. The CLT-steel composite floor in-plane deformability
shows mitigated effects on the load distribution into the bracing systems compared to the ideal rigid
behavior. On the other hand, the lateral deformation always rises at least 17% and 21% on average,
independently of the story and load distribution along the building’s height.

Keywords: hybrid structures; mass timber construction; cross-laminated timber (CLT); lateral resis-
tance; semi-rigid diaphragms; load distribution; seismic performance; pushover analysis

1. Introduction
1.1. Mass Timber Construction

Interest in low-carbon construction is growing considerably worldwide along with
the demand for sustainable building technologies. Wood, the carbon-neutral structural
material par excellence, has been in use for millennia in many countries around the world
for building family houses or simple forms of construction, as both have featured limited
footprint and height. The use of wood-based products, whether sawn or engineered, results
in a perfect ally for climate change mitigation when such materials are sourced through
sustainable forest management [1] and processed using renewable energy sources [2].
The ability to disassemble, reuse, or recycle building elements represents a further key
element in the development of a sustainable built environment, as discussed in Werner and
Richter [3] and Hough [4].

The adoption of stringent carbon-emission lowering and energy efficiency policies,
and the fulfilment of land-use restrictions, are attracting interest in building with wood
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beyond conventional forms of residential construction. Besides, the advancement of
wood products, processing technologies, along with progress on methods for design and
assembly, including automated fabrication, are enabling new wood structural applications.
Construction typologies currently under development for modern mid-rise buildings
comprise primarily of mass timber members [5], such as Cross-laminated Timber (CLT),
Glue-laminated Timber (Glulam), and Laminated-veneer lumber (LVL), all of which are on
the top of the wood-based engineered products list. Hybrid systems obtained by combining
timber with concrete or steel are first choices for high-rise buildings, since they provide
engineers with optimal solutions to satisfy performance-based code design requirements,
such as ones dealing with fire, earthquakes, serviceability, and comfort requirements
compliance [6]. Through solutions with an open-space footprint, hybrid timber-based
systems are quite flexible and fit both residential and non-residential space allocations.
At the same time, a substantial number of stories become feasible for a building using
these systems [7]. The ‘Brock Commons Tall Wood Building’ in Vancouver, Canada: an
18-story, 53 m high hybrid structure made by combining mass-timber frame systems with
two concrete cores, is a testament to the evolution of construction and joint methods in the
timber building industry [8].

The demand for practical solutions to compete with traditional non-wood-based
building systems pushes research towards new material combinations and connection
technologies development [9]. The occupancy of buildings after earthquakes [10] further
pushes through the inclusion of technologies to perform damage limitation under seismic
loads, in accordance with the current low-damage design philosophy [11]. Accordingly,
technologies and concepts originally introduced for steel and concrete buildings, such as
pre-stress [12], self-centering [13], and active-direct dissipation devices (‘fuse’) are used in
forming the hybrid timber-based lateral force-resisting systems (LFRS). In general, many
other countries around the world are looking for practical, prefabricated, and cost-effective
hybrid wood-based solutions to compete with traditional and wide-spread building sys-
tems [14–16].

The combination of mass timber with steel has many advantages in forming the struc-
tural assemblies, with steel products mainly manufactured through a highly industrialized
process, involving an exemption for curing time and the possibility of using a dry-assembly
method which can reduce the time required to install the structural components, along with
the on-site waste cut. As a counterpart, mass timber usually comes as standard lightweight
beam- or panel-type elements, which are easy to process in the factory and install on-site.
Concepts and prototypes of mass timber hybrid assemblies include composite wood-steel
floors [17,18], composite steel-wood beams and columns [19,20], multi-story steel frames
infilled by CLT panels [21], steel frames infilled with wood-frame panels [22], CLT coupled
walls with ductile steel links [23], LFRS with steel frames, and CLT floor diaphragms [24].
Most of the engineered mass timber-steel hybrid solutions are designed without using
specific design guidance or provisions. Fundamentals design models provided in the
standard for materials along with conservative assumptions that are usually followed by
practitioners or the design by testing approach that is often implemented. This holistic
approach results in limitations when design problems appear that are related to construct-
ing in hostile environments or in locations prone to natural hazards (e.g., earthquakes,
hurricanes) or when a lesser risk from various causes to property and human life is present.

1.2. Timber-Based Floor Diaphragms and Design Provisions

Diaphragms are primarily responsible for the flow of forces from each story to the
vertical elements of the LFRS, down to the foundations. They also affect the lateral response
of a building and contribute to its structural system redundancy. The rationale for adopting
rigid floor diaphragms is mostly the simplification of the design process, with benefits
even from the building’s actual load-displacement performance. When diaphragms are
rigid, the in-plane stiffness of floors is significantly higher compared to the lateral stiffness
of the shear walls, and load is distributed among the LFRS vertical elements based on their
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stiffness. In addition, the seismic analysis of a building is usually simplified, assuming that
masses are lumped at the center of gravity of each story with three degrees of freedom,
which respectively would be two translational components and one rotational component.
On the other hand, when flexible diaphragms result from materials, connections, or layout
choice, their actual in-plane stiffness needs to be included in the seismic analysis, force
distribution, and sizing of the LFRS elements [25]. Studies by Colunga and Abrams [26]
and Fleischman et al. [27] confirm that flexible diaphragms change the dynamic global
response of buildings and increase shear forces in the vertical LFRS elements.

Building codes mostly provide provisions for the design of rigid reinforced concrete
or composite reinforced concrete floor diaphragms in multi-story buildings. Beyond con-
crete slabs, ASCE 7-10 [28] provides a classification method for flexible and rigid wood
floor diaphragms of a traditional wood light-frame construction. ASCE 7-10 specifically
distinguishes among flexible, rigid, or semi-rigid wood diaphragms and sets design proce-
dures accordingly. With specific reference to the ASCE 7-10 groups, flexible diaphragms
exhibit calculated mid-span deflections under seismic loading that are greater than twice
the computed average story drift of shear walls. Simplified analysis methods of flexible
diaphragms idealize floors as a series of simply-supported deep beams spanning between
the vertical LFRS elements and subjected to a uniform load with amplitude based on their
tributary area.

Reference to rigid diaphragms is given within the structural analysis section of Eu-
rocode 8 [29]. Specifically, Eurocode 8 states: “The diaphragm is taken as being rigid, if,
when it is modeled with its actual in-plane flexibility, its horizontal displacements nowhere
exceed those resulting from the rigid diaphragm assumption by more than 10% of the
corresponding absolute horizontal displacements in the seismic design situation.” The
holistic approach of Eurocode 8 only applies when diaphragms can be assumed to be rigid
in-plane and the approach presumes that their in-plane stiffness is known a priori. Specific
provisions and design details are directly reported in construction types sections and
structural materials sections and mostly relate to reinforced concrete slabs or floor concrete
topping layers. Even though topping layers of 40 mm or above are recommended for floors
built with precast elements, it is common practice to adopt a similar approach in designing
composite concrete-timber floor sections. Further detailing rules for timber-based rigid
floor diaphragms only cover traditional wood frame construction.

Assuming that rigid behavior is not always a prerequisite for the seismic design of
buildings, in particular when the ductile capacity of construction types is low or base shear
demand is limited, design challenges come from determining how to detail new timber
building systems and which requirements and procedures are minimum design ones that
need to be followed. Current code limitations also arise from the absence of criteria for
the classification of new mass timber floor diaphragms, such as those built using cross-
laminated timber (CLT) or large-span hybrid timber-based solutions. Recommendations
on which seismic analysis suits based on the actual in-plane stiffness of diaphragms need
to be addressed and, when applicable, design parameters need to account for the increase
of force in the LFRS vertical elements and variation of highest vibrating mode effects.

1.3. Scope of the Paper

Current codes do not provide design provisions for LFRS equipped with flexible
cross-laminated timber (CLT) or hybrid timber floor diaphragms. Although CLT is gaining
popularity in residential and non-residential applications, little research on the in-plane
stiffness and strength of CLT-based floor diaphragms has been conducted. In particular,
little is known about the response of CLT plates in the context of open-space hybrid
construction systems, such as those with primary steel or reinforced concrete frameworks.

This paper presents an innovative hybrid mass timber solution for floor diaphragms
developed by coupling cross-laminated timber panels with cold-formed custom-shaped
steel beams. The floor consists of prefabricated repeatable units which are fastened on-site
using pre-loaded bolts and self-tapping screws, thus ensuring fast and efficient installation.
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Through a simplified approach, based on nonlinear static seismic analyses, the influence
of the diaphragm’s deformability on the lateral response of a reference building with
concentric X-braced steel frames is addressed when subjected to equivalent-static seismic
load patterns. To show shear force and deformation alteration on the LFRS vertical elements
induced by the in-plane flexibility of mass timber-based floors acting as diaphragms,
the paper targets practitioners’ common procedure to assess the building’s performance
parameters under seismic loads. The first step results of the ongoing research on design
provisions and procedures development to cover design situations that differ from the
ideal rigid floors covered in current building codes are included.

2. Building Description
2.1. Construction System

The building assessed by this research has a rectangular 28.5 m long by 12 m wide
floor plan and comprises 3 stories (roof excluded) above the ground, for a total height of
12.8 m and a constant inter-story height of 3.2 m. The building’s architectural plan consists
of eight 6 m by 6 m and two 4.5 m by 6 m grids. The columns’ layout guarantees a flexible
distribution of the internal spaces with the possibility to fulfill different living needs and
change the layout during the building’s lifespan, as can be seen in Figure 1a. Each story
can accommodate two to four residential units based on the current market-rate rental
apartment requirements and best practices, as can be seen in Figure 1b.

Figure 1. Structure arrangement (a) and apartments’ layout (b).

Underneath the building’s envelope lies a modular steel frame stabilized by four
and two X-diagonal bracing systems along shorter and longer directions. This three-
dimensional frame has main beams laid along the building’s long-side direction, while
secondaries are arranged along the shortest direction. The building has 5 and 2 spans along
the main (X) and secondary (Y) façade directions. Figure 2a shows that the external walls
are finished by cross-laminated timber (CLT) panels infilled into the frame, and floors are
assembled using hybrid CLT-steel modular prefabricated elements.
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Figure 2. Building construction model (a); Bracing joints (b); Beam-to-column joints (c).

In contrast with CLT infilled reinforced Moment-Resisting (MR) steel frames, where
CLT panels are used to enhance both lateral stiffness and strength of the building, the CLT
walls do not perform a structural function in this building. Specifically, CLT panels are
connected using light steel hardware to build a non-structural system that does not alter
the deformation and load-carrying capacity of the LFRS.

Parallel flange I- and wide flange H-shaped hot-rolled profiles are used as columns
and beams of the steel frame, whereas L-formed hot-rolled profiles form the concentric
diagonals of the bracing systems. Each column’s cross-section is optimized to account
for the effective acting load so that sizes decrease moving up to the building’s top floor.
S275 and S355 strength classes are used for the steel profiles, with characteristic yield and
ultimate strength in accordance with UNI EN 10025-2 [30]. Table 1 lists the cross-section
and steel properties of the profiles.

Table 1. Structural assembly cross section sizes.

Elements Profile Steel Cross-Sectional Area

(mm2)

Beams

IPE 360 S355 7270
IPE 300 S355 5380
IPE 220 S275 3340

HEB 220 S275 9100

Columns
HEB 300 S275 14,910
HEB 280 S275 13,140
HEB 220 S275 9100

Members and connections of the hybrid steel-timber construction assembly are de-
signed to provide the building with stiffness and strength to satisfy ultimate limit state
(ULS) and serviceability limit state (SLS) design requirements under gravity loads, and
perform no-collapse (NC) and damage limitation (DL) under seismic loads, as per the
Italian Building Code [31] and Eurocode 8 [29]. Details of the beam-to-column and bracing
joints are given in Figure 2b,c, respectively. Specifically, the bracing systems’ vertical and
horizontal elements are connected with welded steel plates and diagonals fastened using
bolts. The bracing systems’ joints are sized adopting capacity design provisions of the
Eurocode 8 [29] and ‘Norme Tecniche per le Costruzioni’ (NTC) [31]. The beam-to-column
joints of frames are made using bolted steel brackets.
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2.2. Innovative Composite CLT-Steel Prefabricated Floors

Floor construction technology is new and features highly industrialized—easy to
fabricate—hybrid CLT-steel modular elements (Figure 3a).

Figure 3. Prefabricated floor units (a); Dry assembly of floor units (b); Joints overview: CLT-to-
beam steel-timber connections (c,d), Beam-to-beam steel connections (e), and CLT-to-CLT timber
connections (f).

Floors are mounted on-site by fastening each prefabricated CLT-steel modular unit
to the primary beams, which in turn are bolted to the steel frame columns. Specifically,
each floor unit is placed inside a repeatable grid of beams and then fixed using ad hoc
shaped steel links, as shown in Figure 3b. The assembly process is completed by inserting
self-tapping screws (STS) along the CLT panels’ edges and tightening the bolts up to a fixed
preload. Floor elements are fabricated in such a way that shear forces generated under
both in- and out-of-plane loads are transferred through steel-timber connections from the
CLT panels to the steel cold-formed profiles.

The adoption of special steel links is beneficial for both design and construction
purposes. In fact, design details and shape of the links are chosen based on the structural
behavior that is wanted, especially the stiffness and strength capacity, for the floors. Besides,
adopting a proper shape of the links can improve the erection and permit adjustment of
their position to account for possible mounting imperfections. For the proposed solution,
links consist of flanged short pipe elements with dimensions and tolerance that allow their
insertion into the steel beams and then enable us to account for misalignments, squareness,
or any out of plumb of the frames.

Concerning residential construction applications, this construction method is studied
in Loss et al. [32] and [33]. Results from an experimental campaign on the bending behavior
and in-plane shear response of those floors are presented in Loss and Davison [34] and Loss
and Frangi [35], respectively. Loss et al. [36] and [37] give respectively optimum solutions
for materials saving, especially thickness of steel elements and layered structure of CLT,
and for maximizing shear transfer among CLT panel forming the slabs.

Figure 3c–f show construction details of the repeatable prefabricated modules con-
sidered for this study. A 2.4 m wide by 5.8 m long 5-ply C24 [38] CLT panel and three
S355 [39] cold-formed U-shaped steel profiles placed in an equally spaced manner at mid
and both edges panel form the floor composite section. Beams are manufactured to have
8 protruding perforated plates coming out at their extremities (Figure 3c) and 2 ledges
(Figure 3d) in the middle. CLT panels are provided with pockets at their extremities to
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accommodate for the beam’s assembly. Steel beams are bounded to the CLT panels using
an epoxy-based grout poured into the spaces between the steel punched plates and wood
pockets and up to fill cavities pockets. Installation of the steel beams is completed by insert-
ing 12 constant-spaced 6 mm diameter by 80 mm length self-tapping screws in the middle
(Figure 3d). The composite CLT-steel elements are fastened to the mainframe using 8 M16
8.8-grade bolts [40], Figure 3e. Bolts are tightened with a 100 Nm preload. Afterwards,
11 mm diameter by 200 mm length crosswise inclined fully-threaded self-tapping screws
are inserted at each side of the CLT slab of the nearby floor units, as seen in Figure 3f.

2.3. Design Loads and Combinations

The building is located in the middle of the Italian peninsula, in a town that was hit
by the L’Aquila Earthquake in 2009 [41]. The area is characterized as a medium to high
seismic hazard area following the new classification by Montaldo et al. [42]. Geographical
coordinates 42.0334◦ N for latitude and 14.3792◦ E for longitude are used to calculate the
influence of local hazard and ground conditions on the seismic action. Live loads (Q) of
2 kN/m2 are assumed for the gravity design and are those recommended by the Italian
Building Code [31] for multi-story residential buildings. Dead load (G2) of nonstructural
components is equal to 3 kN/m2 and does not include the self-weight (G1) of structural
members. The load combination parameter for live loads Ψ2 is equal to 0.3.

The seismic design load is based on the seismic hazard map of Italy (Figure 4a) and
the response acceleration spectra (Figure 4b), both detailed in the NTC [31].

Figure 4. Seismic hazard map of Italy at 10% probability of exceedance in 50 years (a); Elastic Response Spectra (b).

Response spectra are set to a soil class type C, topographical category type ‘t1′, and a
building’s lifespan of 50 years. The peak ground acceleration (agR) is equal to 1.62 m/s2

and 0.63 m/s2, respectively for the non-collapse (NC) and damage limitations (DL) design
requirements. The soil amplification factor (F0) is assumed to be constant and be equal
to 2.46.

2.4. Design Procedure and Ductility Capacity Requirements

Elements and connections have been designed for both gravity and seismic loads.
Bracing systems also have been sized to withstand forces induced by global and local im-
perfections, accounting for standard on-site installation uncertainties as per steel building
systems. The equivalent linear-static lateral-force procedure has been adopted assuming a
fundamental period of vibration (T1) of 0.34 s for the building, calculated with the design
formula provided in the Eurocode 8 [29] for ‘other’ types structures. The horizontal seismic
design force Fi,d acting at each story (i-th) has been reported in Table 2, along with the
calculated seismic mass (Wi) and height from the ground (Zi), and the base shear Vb.
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Table 2. Seismic force for each floor under non-collapse (NC) limit state loading.

Story Zi Wi Fi d

(m) (kN s2/m) (kN)
4 (roof) 12.8 206.6 420.3

3 9.6 255.9 389.6
2 6.4 255.9 259.7
1 3.2 255.9 129.9
∑ 972.8 1199.4 1

1 Equivalent to base shear Vb.

Accidental torsional effects have been included in the sizing of the vertical LFRS
elements following the procedure given in the Eurocode 8 [29].

The design has been executed assuming rigid diaphragms and considering structural
assembly as a result of ductile members, which dissipate energy during the ground motion
through their hysteretic behavior and non-dissipative members which remain elastic.
Specifically, the design spectrum at NC limit state has been drawn adopting a behavior
factor q of 4, to account for the capacity of the structure to dissipate energy through ductile
mechanisms induced by the plastic deformation of the bracing systems.

As one of the common dissipative technologies covered by NTC [31], concentrically
braced frames have been detailed so their braces plasticize and their beams and columns
remain elastic. Sizes of bracings’ diagonals have been established based on the stress
values obtained from the equivalent linear-elastic lateral-force analysis of the building, and
considering the additional damage limitation verifications. Specifically, an inter-story drift
of 0.5% has been assumed for the building under the seismic load derived starting from
the DL response spectrum.

Design of the bracing systems reflected active tension diagonals only and accounted
for the hole-bolt gaps, while compressed diagonals have been neglected as contributing to
non-dissipative elastic elements. The non-dimensional slenderness λ of diagonals members,
as defined in Eurocode 3 [43], has been kept between 1.3 and 2.0 in accordance with the
Eurocode 8 [29] requirements. Cross-section sizes of steel diagonals chosen accordingly. To
provide a building with a homogeneous dissipative behavior throughout its entire height,
the sizing of diagonals has been executed in such a way that the effective over-strength
capacity of diagonals results is always lower than 25%.

Beam-to-column and beam-to-column-brace joints have been detailed in respect of the
capacity design method by following the simplified procedure and equations provided in
the Italian Building Code [31] and Eurocode 8 [29]. Table 3 lists the geometry and properties
of the bracing systems, including the number of bolts and the hole-bolt specifics.

Table 3. Steel bracing profiles.

Story Profile Steel Area Bolt Gap

(mm2) (mm)
4 2 L 60 × 60 × 8 S275 1806 4 M16 1
3 2 L 100 × 65 × 10 S275 3120 6 M20 1
2 2 L 110 × 70 × 12 S275 4060 7 M22 1.5
1 2 L 110 × 70 × 12 S275 4060 7 M22 1.5

3. Assessment of the Structural Response
3.1. Non-Linear Static Structural Analyses

The structural assembly has been designed to meet in-plan and elevation regularity
requirements as per the Italian Building Code [31] and Eurocode 8 [29]. Therefore, the
building’s lateral response has been assumed to be governed by its fundamental mode
of vibration and structural performance extracted through Non-Linear Static Analyses
(NLSA). NLSA have been carried out using finite-elements software SAP2000 [44]. For
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comparison purposes, two different building models have been considered: Model I,
accounting for effective in-plane stiffness of floor diaphragms, and Model II, assuming an
ideal rigid body behavior of floor diaphragms, with the latter simulated with displacement-
constrains among the lateral force resisting system (LFRS). Finite-Element (FE) models
have been implemented simulating inelastic behavior through assigned plastic hinges at
side-ends of LFRS members and within the floor’s subsystems. Furthermore, compression
diagonals’ influence has been considered within the building’s elastic lateral response until
buckling is reached.

Push-over lateral forces have been applied following two distinct vertical distributions
as per Eurocode 8 provisions: a ‘modal’ Load Pattern (LP)—a and a ‘uniform’ Load Pattern
(LP)—b. Under the Eurocode 8 simplified procedure for rigid floor diaphragms, lateral
forces have been applied at the center of gravity on each Model II floor. Instead, an
equivalent lateral distributed load has been applied along the CLT panels edges at each
story of Model I. On the one hand, with such lateral forces’ distribution, the Model I’s
local deformability when applying concentrated forces has been avoided; on the other, the
global deformability of each floor diaphragm on average has been considered. The initial
equilibrium state and elastic deformation of models accounted for gravity loads based on
the load combination previously described. The X- and Y-direction of the building have
been studied separately. The results have been reported exclusively for the Y-direction,
while considering that the building has two bracing systems in the X-direction.

Though NLSA, the building’s structural performance has been numerically simulated
considering control point at the top floor and stopping analyses upon ultimate load reached,
herein conventionally defined as 80% of the maximum load after the peak. Displacement,
ductility, stiffness, drift, and strength capacity values have been assessed accordingly.

3.2. FE-Model

The as-built FE-Model, FE-sub-models of bracing systems and floors have been re-
ported in Figure 5a–c. Columns, beams and X-diagonals have been modeled using linear
elastic elements. Through zero-length hinges with moment-rotation and force-displacement
model attributes, a concentrated plasticity approach has been used to account for inelas-
tic deformation of the members: 192 were distributed on the bracings, 144 were on the
columns, and 48 were on the beams, for a total of 384 plastic hinges located at their ends.
Thick shell elements have been used for modeling the CLT panels. To simulate the response
of the floor’s connections and joints and beams, combinations of frame, spring, and gap
FE-model elements either in parallel or series, as well as 4392 plastic hinges, have been
implemented. Elastic-brittle and elastic-plastic strength-deformation relationships have
been used for wood and steel, respectively.

With reference to the bracing systems of Figure 5b, specific inelastic hinge parameters
and model attributes have been provided in Figure 5d–f, respectively.

X-diagonals concentric bracings have been modeled using isotropic P-type hinges
activated under tension loads and a buckling function for accounting for structural instabil-
ity when under compression. Buckling force values, displacement, and other parameters
of the force-displacement asymmetric curve of Figure 5d have been derived following
FEMA-356 [45] procedure. Columns have been modeled through isotropic P-M2-M3-type
hinges to account for the reduction of moment-rotation plasticity induced by compression
force, as shown in Figure 5e. Accordingly, P-M3-type hinges have been considered for
the beams, as depicted in Figure 5f. Column and beam moment-rotation relationships
have been derived based on FEMA-356 [45] instructions for steel braced frames. Moreover,
spring elements have been used to simulate the hole-bolt gaps (Figure 5i).
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Figure 5. As-built Finite Element (FE) Model (a); FE subcomponents of bracing systems (b) and floor
diaphragms (c); Model properties of specific FE elements: bracing system (d); bracing column (e);
bracing beam (f); plate element (g); joint (h); hole-bolt element (i); connection frame element (l);
screw element (m); resin plate element (n).

FE-implementation of floors has been based on behavior observations by using ex-
perimental tests and data recorded by Loss and Frangi [35]. With reference to Figure 5c,
linear elastic orthotropic shell elements have been used for modeling the CLT panels.
Steel profiles have been modeled using frame elements with two different cross-section
profiles instead. The individual FE-elements’ behavior of connections and joints have
been provided in Figure 5g–n. Specifically, the beam-to-frame joints have been modeled
combining 3 elements in series: a frame element to account for the steel plate bolted on the
main beam (element 1), a spring element for the beam-to-beam contact surface and friction
(element 2), and another spring element for the gap between the hole and bolt (elements
3). Force-displacement relationships have been included in Figure 5g–i for elements 1 to 3,
respectively. Connections between CLT panel and secondary beam used frame elements
with M2-type hinges have been calibrated from the experimental dataset mentioned earlier.
Specifically, the non-linear load-slip curve recorded from the experiments presented in
Loss et al. [32,33] has been transformed into a moment-rotation capacity curve and related
yield, maximum and ultimate values derived accordingly. The moment-rotation calibrated
curve has been provided in Figure 5n. CLT panel-to-panel connections have been mod-
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eled as a combination of frame elements and plastic hinges, with mechanical properties
calibrated using the experimental tests. The same approach discussed above has been
adopted with transformation of the experimental recorded load-slip curve [32,33] into a
moment-rotation curve to be used in the FE model. The moment-rotation calibrated curve
has been provided in Figure 5m. Gap elements have been inserted to prevent overlapping
of materials and related force-displacement curve included in Figure 5.

3.3. Structural Performance Parameters

Load-displacement (F-∆) curves drawn from the NLSA have been used to derive the
building’s structural performance parameters, such as displacement ductility, lateral elastic
stiffness, and respectively yield, maximum, and ultimate loads. The yielding point has
been assumed when the first plastic hinge develops on the FE-model. The ultimate state
has been conventionally defined when load equals 80% of its maximum after the peak
has reached. Lateral elastic stiffness ki has been calculated as the ratio between the yield
load Fy and yield displacement ∆y, while ductility µ∆ was obtained as the ratio between
ultimate displacement ∆u and the yield displacement ∆y. Maximum load FM and ultimate
load Fu has been defined as the peak load extracted from the F-∆ curves, whereas Fu has
been defined as 80% of FM.

Under DL limit state loading, the lateral deformation induced by in-plane stiffness of
floors has been assessed by comparing horizontal displacements of Models I and II. On
the other hand, the alteration of lateral load transmission into bracing systems induced
by diaphragms deformability has been detected under NC limit state loading. The shear
forces ratios at each story have been provided explicitly for internal bracings only (Br,i),
considering that the building is symmetric and has 4 bracing systems regularly distributed
in the floor plan. Specifically, such ratios have been assessed based on shear forces extracted
from Model I and Model II. The displacement at each story δ (Figure 6a) has been derived
in average value among maximum displacement of the floor measured in each bay (δA, δB
and δC of Figure 6b).

Figure 6. Lateral maximum displacement (δ): average value (a) and individual recorded in each bay (b).

Inter-story drift θ calculated as the ratio between relative translational displacement
and relative height between two consecutive floors. The fundamental period of the building
T1 in the main horizontal direction of loading has been assessed through modal elastic
analysis.

4. Results and Discussion
4.1. Load-Displacement Curves

An overview of the building’s nonlinear static lateral response under seismic loads
is given in Figure 7, where 4 different capacity curves are illustrated based on two load
patterns, modal distribution (LP-a fine lines), and uniform distribution (LP-b thick line),
and considering ideal rigid (Model II continuous lines) or deformable floor diaphragms
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(Models I dashed lines), respectively. Moreover, stiffness, ductility, and yield, maximum
and ultimate displacements, corresponding loads, along with the fundamental periods
assessed for the building, are provided in Table 4.

Figure 7. Building capacity curves for LP-a and LP-b.

Table 4. Structural performance parameters of the building.

LP-a LP-b

Model I Model II Model I Model II

ki (kN/mm) 93 128 126 166
µ∆ (–) 8.5 9.5 8.4 9.1
∆y (mm) 56 45 41 35
∆M (mm) 367 318 258 230
∆u (mm) 481 423 350 315
Fy (kN) 5208 5703 5200 5727
FM (kN) 7179 7496 7808 8138
Fu (kN) 5761 5973 6260 6500
T1 (s) 0.410 0.374 0.410 0.374

Whether under LP-a or LP-b, load-displacement curves suffer a comparable shift
of both yield and ultimate displacements and the loss of the peak load, when assuming
actual in-plane stiffness of diaphragms instead of their rigid behavior. In general, the
diaphragm’s flexibility further leads to a reduction of lateral stiffness and effective ductility
capacity of the building. As a counterpart, it increases its fundamental period, as shown in
Table 4. With LP-a, results indicate that the building’s stiffness reduces by 27.5%, while the
fundamental period (T1) goes up by 9.7%. Accordingly, the ductility reduces by 9.7%. No
less significant is scenario LP-b, having stiffness and ductility reduced by 24.2% and 7.5%,
respectively. T1 jumps up by 9.7%, accordingly. The flexibility brought in with non-rigid
diaphragms reduces the yield strength of 8.9% on average. Lowering lateral-force capacity
is observed on both LP-a and LP-b, with a maximum force reduction value of 4.2% and
4.1%, respectively.

The different shape of the load-displacement curves of Figure 7 is mostly driven by
two ductile structural mechanisms of deformation, each which differs for the effective
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displacement capacity at the ultimate state (herein 80% FM), and even more for the distri-
bution of plasticity throughout the bracing ductile members. As a matter of fact, at peak
load with LP-a, 72% of plastic hinges develop at all levels of the building when rigid floor
diaphragms are assumed. In comparison, with LP-b, only 65% of plastic hinges are formed
and are mostly located among the first story’s vertical LFRS elements. Accordingly, at
peak load with LP-a, 66% of plastic hinges develop at all building levels when in-plane
stiffness of floor diaphragms is accounted for. In comparison, with LP-b, only 61% of plastic
hinges are formed and are mostly located among the first story’s vertical LFRS elements.
Observing the loss of ductility and reduction of energy dissipation capacity, the latter
indirectly assessed through the number of formed plastic hinges, results show needs for
adjustment in the force reduction factor. As a matter of fact, a reduction is expected in the
building’s dissipation capacity. Eurocode 8 [29] design formula for assessing the building’s
fundamental period also requires revision to include reduction of stiffness brought in by
non-rigid floor diaphragms.

4.2. Shear Forces Ratios

Figure 8 provides charts of shear forces ratios in the building’s bracing systems
(compared with the rigid floor design) for the LP-a, modal distribution, and LP-b, uniform
distribution, respectively, at each story, roof level included. The actual values of shear force
ratios are also given in Figure 8. Such forces are assessed assuming the NC design load
(FNC = 1199.4 kN) as the acting load on the building. With the building’s symmetry in
both plan and elevation and regular layout of the bracing systems, charts of Figure 8 only
give shear forces ratios of the internal bracings. Shear forces of the external bracings are
equivalent in absolute values but with a reversed sign.

Figure 8. Shear forces distribution under a NC design load for LP-a and LP-b.
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Floor diaphragms acting as a rigid body behave in such a way that their sub-components
translate and rotate with the same amplitude, independently of the loading direction. Trans-
fer of story shear force to the vertical LFRS elements depends on their stiffness and locations.
When the rigid response is not guaranteed, the distribution of story shear force also de-
pends on the actual in-plane stiffness of floor diaphragms, the spacing and arrangements
of the vertical LFRS elements, and the aspect ratio and dimensions of floors.

Independently of the LP, Model II leads to having the same amount of shear forces
at each story of the building into the vertical LFRS elements. Therefore, column charts of
Figure 8 show the ratios of the shear forces referred to the rigid body behavior (Model II),
and assume NC limit state load is applied to the building (FNC = 1199.4 kN). Generally
speaking, under LP-a, the force demand in the bracing elements is comparable throughout
the height of the building, as confirmed by the range between 7.3% to 8.3% of the shear
forces ratios depicted in Figure 8. Conversely, LP-b conduces having higher force demand
into the building’s lowest stories and so that higher difference in terms of shear forces
ratios from top story to the downstairs, with values between 5.0% to 10.3% of the shear
forces ratios.

4.3. Lateral Deflection

Under LP-a, modal distribution, and LP-b, uniform distribution, respectively, the
building’s maximum lateral displacements at each story are displayed in Figure 9. Dis-
placements are referred herein to the DL limit state of the building and are taken at the
center of gravity of each story, as the average of deformation in each bay of floors. Table 5
also lists the lateral displacement values and the relative inter-story drifts, with the latter
calculated as differences of lateral displacements between two consecutive floors, and
expressed as a percentage based on the matching inter-story height. Charts of Figure 9 also
provide the percentage of maximum lateral deformation given by the in-plane flexibility of
bracings (white marks) and floors (black marks) of Model I only.

Figure 9. Building’s lateral maximum displacement under DL limit state loading for LP-a and LP-b.
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Table 5. Lateral maximum displacement and inter-story drift at each story of the building.

Story

LP-a LP-b

Model I Model II Model I Model II

δDL θDL δDL θDL δDL θDL δDL θDL
(mm) (%) (mm) (%) (mm) (%) (mm) (%)

4 13 0.10 11 0.08 10 0.05 8 0.05
3 10 0.11 8 0.09 8 0.06 7 0.06
2 7 0.10 5 0.08 6 0.08 5 0.07
1 3 0.10 3 0.08 4 0.12 3 0.08

Under DL limit state load, building’s lateral response depicted in Figure 9 shows an
increment of the absolute value of displacement at each story induced by diaphragms’
flexibility. Independently of the LP, the in-plane flexibility of floor diaphragms always
leads to an increase of lateral displacement of at least 17%, and an average increase of 21%.
Regarding the inter-story drift listed in Table 5, the maximum recorded value equals 0.12%
and is taken at the 1st floor under LP-b. Such value complies with NTC’s [31] requirements,
being lower than the 0.5% drift limit. Under LP-a, by comparison of Models I and II, results
show a clear shift of θ induced by the in-plane stiffness of diaphragms with a uniform
increment of 24.9% on average.

With the alteration of lateral maximum displacement, δDL, difference between Models
I and II always higher than 10%, and independently of the LP and the story level considered,
the CLT-steel hybrid floor technology herein studied does not meet Eurocode 8 minimum
design requirements for ‘rigid’ diaphragms. Eventually, the DL limit state design requires
deformability of the diaphragms to be included in such a way the simplified procedure is
still applicable. Research is needed to incorporate correction factors into such a procedure
while considering effective floors’ in-plane behavior, or including design details to provide
floors with their rigid behavior when applicable.

5. Conclusions

Through nonlinear static analyses, the seismic response of a multi-story cross-laminated
timber (CLT)-steel-based hybrid building has been assessed. Specifically, the influence of
the in-plane stiffness of hybrid CLT floor diaphragms on the lateral building deflection and
shear load distribution among the lateral force-resisting elements has been investigated. It
has been possible to conclude that:

1. The actual in-plane stiffness of floor diaphragms induces a reduction of the lateral
building’s stiffness (ki) between 24.2% and 27.5% compared to ideal rigid floor di-
aphragms.

2. Even with symmetric arrangements and moderate spacing of bracing systems, and
limited building’s height, in-plan deformability of floor diaphragms leads to an
increase of the shear forces (VBr,i) into their members up to 10.3%.

3. The influence of the actual in-plane stiffness of floors on the lateral deformation (δDL)
is higher compared to stress-induced deformation on the bracing elements (VBr,i NC),
suggesting that the damage-limitation (DL) limit state is more sensitive than the
non-collapse (NC) limit state design condition.

4. Results encourage the adoption of two correction factors for a tuning simplified
seismic design procedure. One factor is recommended to adjust design shear forces of
shear walls compare to the ideal case of rigid floors, the second factor is recommended
instead to account for the increase of lateral deflection in the evaluation of the inter-
story drift and global lateral displacement of buildings.

5. Above the holistic Eurocode 8′s approach for rigid diaphragms, research for specific
design provisions is needed to address sizing of elements that is different from the
traditional wooden floor systems.
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6. The numerical approach based on an experimentally validated model has the potential
for studying other hybrid floor systems or different buildings’ lateral force-resisting
systems, or for further carrying out non-linear dynamic analyses.

7. A second-stage of study is required to further assess the influence of the arrangement
of the bracing systems and the shape and dimensions of floors and vertical lateral
force-resisting system (LFRS) elements on the load distribution. In addition, the
dynamic behavior of buildings needs to be investigated.
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