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Abstract

The paper focuses on a retrofit strategy applicable to existing reinforced concrete (RC) frame
structures to reduce their seismic vulnerability. The intervention strategy, for the sake of brevity
named RC-TP (Reinforced Concrete-Timber Panels), consists in the removal of the existing
masonry infills and in their replacements with Cross Laminated Timber (CLT) panels fixed to
the concrete elements by means of a timber subframe and a dissipative connection comprised
of metal dowel-type fasteners. The analyses were performed via finite element modelling by
adopting numerical strategies with different levels of refinement. In particular, refined 3-di-
mensional models (created using the software Abaqus) and simpler 2-dimensional models (cre-
ated using the software SAP2000) were used. At first, the refined modelling approach was
validated on experimental evidence on timber and concrete connectors available from the lit-
erature. Then, such 3-dimensional models were used to investigate the connection system of the
proposed retrofit strategy paying particular attention to possible out-of-plane effects that can-
not be directly observed with 2-dimensional models. The obtained results were used to calibrate
the 2-dimensional models so that these “secondary” effects could be accounted for even in the
simplified modelling. Subsequently, both modelling approaches were used to analyse an iso-
lated one-storey one-bay frame via nonlinear static analyses that addressed the a) bare, b)
original masonry infilled, and c) retrofitted configurations. The two alternative numerical strat-
egies showed consistent results, both suggesting that the proposed intervention can signifi-
cantly improve the seismic behaviour of existing RC frames.

Keywords: Structural rehabilitation; Seismic engineering; Concrete structures; Timber pan-
els; Finite-element modelling; Nonlinear analyses.
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1 INTRODUCTION

Reinforced concrete (RC) buildings represent a large percentage of the built heritage stock
of many countries. Over the last decade, numerous studies have shown that, even in the case of
minor earthquakes, past construction practices often led to vulnerabilities that resulted in ex-
tensive damage and collapse of the RC structure or portions of it [1], [2]. Examples of such
vulnerabilities are the collapse of the masonry infills, the brittle shear failure of the RC elements
or the activation of soft-storey mechanisms. Most of these buildings, indeed, were designed
using codes that when they did not neglect the seismic action, accounted for it only partially. In
addition, the presence of masonry infills was often disregarded in the modelling phase although
nowadays it is well-known that their presence has a strong influence on the seismic behaviour
of the structure [3], [4].

As a consequence, the interest of the scientific community towards such issues has grown
over the years, with new solutions to improve the seismic behaviour of RC structures being
proposed more and more frequently. Among these, the solutions that see the use of timber ele-
ments are gaining attention (e.g., [5]-[8]). In this regard, a retrofit intervention presented by
Smiroldo et al. [9], [10] is being developed at the University of Trento (Italy). Such intervention
strategy aims at mitigating the seismic vulnerability of existing RC structures without modify-
ing the original structural system. The intervention, named RC-TP (Reinforced Concrete-Tim-
ber Panels), consists in the removal of the existing masonry infills and in their replacement with
Cross Laminated Timber (CLT) structural panels connected to the existing RC frame so as to
redistribute the stresses due to the seismic action in order to avoid the development of brittle
collapses and to favour the development of ductile mechanisms.

In this paper, the RC-TP retrofit strategy was studied via finite element modelling by adopt-
ing numerical strategies with two different levels of refinement: a 3-dimensional (3D), refined
modelling approach was developed by using the finite element software Abaqus [11], while a
2-dimensional (2D), simpler approach was developed using the software SAP2000 [12]. In the
first phase, the refined approach was calibrated on experimental evidence from the literature
[13]-[15] concerning concrete and timber-to-timber connections. Then, the 3D approach was
used to reproduce the connection details implemented in the proposed intervention. Starting
from the outcomes of the refined 3D models and focusing on the observed out-of-plane second-
ary effects that could have not been explicitly reproduced by 2-dimensional models, the 2D
approach was tweaked to take implicitly into account such effects. Subsequently, the analyses
were extended to more complex models of multiple-fastener connections and then to complete
one-storey, one-bay RC frames retrofitted with the RC-TP intervention. The frame was ana-
lysed also considering the “bare frame” and “original masonry-infilled” configurations. Both in
the refined and in the simplified approach, the masonry infills were simulated with modelling
strategies adapted from the literature [16]-[18].

In all the configurations analysed, the alternative modelling approaches led to consistent
results and confirmed the ability of the proposed intervention system to enhance the seismic
behaviour of existing RC frames.
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2 PRE-INTERVENTION RC FRAME

The intervention system presented in this paper is designed to be applied to existing struc-
tures. Consequently, the geometry, the detailing and the material properties of the case-study
RC frame and masonry infill were selected so as to reflect the typical characteristics of buildings
belonging to the existing stock. Table 1 reports the mechanical properties assumed for concrete
(frame elements), steel (rebars and confinement reinforcement) and masonry (infills) in the nu-
merical models.

Concrete Steel Masonry
fc Ec fy Es fm fuo Em
[MPa] [MPa] [MPa] [MPa] [MPa] [MPa] [MPa]
16,73 25673 440 210000 6,00 0,25 3000

Table 1: Mechanical properties of existing materials

Table 2 reports the geometrical and load characteristics of the RC frame used in the numer-
ical analyses, where n is the number of longitudinal rebars, @ is the diameter of rebars in mil-
limetres and @ is the stirrup spacing in millimetres.

Pre-intervention characteristics Value
Length | [mm] 5000
Height h [mm] 3000
f : :
Concrete frame Column section (base x height) [mm] 300 x 300
Beam section (base x height) [mm] 300 x 500
Column longitudinal rebars n3+3 &16
Column confinement reinforcement (2-legged stirrups) @6 @150
Reinforcements  Beam longitudinal rebars at ends (top — bottom side) 6 &14 - 4 P14
Beam longitudinal rebars at mid-span (top — bottom side) 2 @14 —4 @14
Beam confinement reinforcement (2-legged stirrups) @6 @200
Masonry infill Thickness [mm] 200
L oads Vertical distributed (upper beam) [KN/m] 10
Vertical concentrated (each column) [KN] 100

Table 2: Geometrical and load pre-intervention characteristics

3 INTERVENTION SYSTEM

Because the proposed intervention strategy has been fully illustrated in [9] and [10], in the
present paper, only a brief description is reported. Starting from the masonry-infilled original
configuration (Figure 1a), the first step is the removal of the masonry infill (Figure 1b).
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Figure 1: Intervention procedure

Subsequently, a timber subframe is connected to the RC elements through metal screw fas-
teners (Figure 1c). This connection is reported in Figure 2 and is named “RC-Conn” for the
sake of brevity. It comprises partially-threaded concrete screws (named RC-F), inserted with
washers (RC-W). The fasteners are regularly spaced at 15 cm and are designed not to exceed
the elastic range when the structure is subjected to design-intensity earthquakes. .
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Figure 2: RC frame — timber subframe connection (RC-Conn)

In the last step of the implementation procedure (Figure 1d), a timber panel is inserted inside
the RC frame and is connected to the timber subframe by using partially threaded timber screws
(CLT-F) and washers (CLT-W) as those represented in Figure 3. This connection is named “T-
Conn”. In the models described in the present paper, the screws were spaced at 10 cm. The role
of the T-Conn is that of transferring the stresses from the timber subframe to the CLT panel and
of dissipating seismic energy by engaging the post-elastic behaviour of the fasteners.
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3] 8} é@ﬁiﬁﬁﬁﬁﬁ‘iﬁi@'&ﬁ%

CLT-F

Figure 3: Timber subframe — CLT panel connection (T-Conn)

Table 3 and Table 4 give the geometrical characteristics of screws and washers, respectively.
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L L¢ di d2

[mm] [mm] [mm] [mm]
RC-F 200 80 12,0 8,8
CLT-F 120 60 10,0 6,4

Table 3: Geometrical properties for screws

W1 W S
[mm] [mm] [mm]
RC-W 440 13,5 4,0
CLT-W 30,0 10,8 6,4

Table 4: Geometrical properties for washers

At the perimeter of the CLT panel, between the panel edges and the internal faces of the RC
frame there is a gap (visible in Figure 1d). This gap creates the necessary space for the insertion
of the panel into the frame and, above all, ensures that the transfer of stress between the frame
and the panel is governed by the T-Conn rather than by direct contact. In this way, it is possible
to optimize the force-transfer mechanism so as to favour the development of ductile mecha-
nisms (bending) instead of brittle failures (shear).

In the present study, the timber subframe is made of Glued Laminated Timber (grade class
GL24h according to [19]) with b % h dimensions equal to 100 x 120 mm (Figure 1c), while the
CLT panel (grade class C24 according to [20]) is 3-layered and 60 mm thick. The mechanical
properties and the density of the timber elements are reported in Table 5 and were defined
considering the relative Standard Codes [19], [20], and the studies of Bogensperger et al. (2011)
[21], Harris et al. (2013) [22] and GecCys at al. (2015) [23].

Bending Tension Compression Shear Density
fm fro ft.90 feo fe.90 fv V4
[MPa] [MPa] [MPa] [MPa] [MPa] [MPa] [kg/m?3]
GL24h 24,0 19,2 0,5 24,0 2,5 3,5 420
C24 24,0 14,5 0,4 21,0 2,5 4,0 420
Elastic modulus Shear modulus Poisson ratio
EL Er Er GrL Gt Gtr
[MPa] [MPa] [MPa] [MPa] [MPa] [MPa] “R- VTL VRT

GL24h 11500 300 300 650 650 65 0,00894 0,00894 0,538
C24 11000 370 370 690 690 69 0,0420  0,0270 0,602

Table 5: Mechanical properties and density for the timber elements

Additionally, in case of damage or collapse of the RC frame the use of structural CLT panel
leads to a “bearing capacity reserve” for vertical actions. For this reason, the external layers of
the CLT panel are oriented along the vertical axis.
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4 NUMERICAL MODELS

In the present work, two different modelling approaches were used to investigate the RC-TP
intervention system. The software Abaqus was used to develop 3-dimensional (3D) refined
models (Figure 4a), while the software SAP2000 was used to develop 2-dimensional (2D) sim-
plified models (Figure 4b). Specifically, the refined approach was calibrated based on experi-
mental evidence available from the literature. Subsequently, it was used to investigate the
connections implemented in the RC-TP intervention by reproducing them singularly. Further-
more, by using the 3D refined model it was possible to study possible secondary out-of-plane
effects that could not have been directly observed with 2D models. The results obtained per-
mitted to calibrate the simpler 2D models to account for the secondary effects with smaller
computational effort than that required by the refined models.

Both the refined and the simpler models were used to analyse the above-mentioned RC frame
under monotonic in-plane loading considering the bare, the masonry infilled and the retrofitted
configurations.

1
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Figure 4: Alternative numerical approaches: a) Refined 3D Abaqus model; b) Simplified 2D SAP2000 model

4.1 3D modelling

The present chapter focuses on the refined 3D modelling strategy used to reproduce the RC-
TP intervention system previously described. This strategy was developed using the software
Abaqus/Explicit and adopted to perform nonlinear dynamic quasi-static analyses under dis-
placement-control.

In the definition of the analysis steps, the “target time increment” coefficient was calibrated
through a sensitivity analysis so as to reduce the processing time to the minimum without af-
fecting the quality of the numerical results.

With the purpose of verifying the absence of dynamic effects, and hence confirm the accept-
ability of the results, the ratio between internal and kinematics energy was checked a posteriori.
As suggested by [24] and [25], this ratio should not exceed 10%. Thanks to the selection of an
adequate “time step” and the application of a “smooth” displacement with a sufficiently small
initial slope, it was possible to limit the dynamic effects within the predetermined range.

The refined 3D model is represented in Figure 5a. It was obtained by assembling the indi-
vidual elements that compose the system (a few of these elements are visible in Figure 5b). The
geometry of each element was carefully designed and then imported from a 3D CAD [26] en-
vironment.
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Figure 5: Intervention system — refined 3D finite element model

Concrete frame, CLT panel, timber subframe, fasteners and washers were all modelled as three-
dimensional solid elements (3D solid part) with a homogeneous solid section. Steel bars and
stirrups, instead, were modelled as one-dimensional elements (3D wire part).

Regarding the definition of the materials, the steel elements (bars, stirrups, fasteners and wash-
ers) were simulated as isotropic elastic-plastic elements. The three layers that compose the CLT
panel were obtained from the division of a single homogeneous solid element and are oriented
alternately. Each layer was modelled as an elastic orthotropic material with Hill plasticity, as
recommended by [27], where the failure surface was defined with reference to the f¢ o, fc 90 and
fy strength values reported in Table 5. Because of the failure surface symmetry, the positive
(tension) stress limit for each principal direction was assumed as identical to the related nega-
tive (compression) limit. It was therefore decided to refer to the values associated with the
compression parallel and perpendicular to the grain. This choice is justified by the fact that the
expected collapse mechanism sees the local bearing failure of the wood material in the proxim-
ity of the screw fasteners, which depends almost exclusively on the compressive strength pa-
rameters.

The timber subframe was modelled similarly to the layers of the CLT panel (i.e. elastic or-
thotropic material with Hill plasticity).

The concrete elements were simulated as homogeneous and isotropic, with a post-elastic
behaviour based on the “Concrete Damage Plasticity” constitutive law available from the soft-
ware library, which relies on the material fracture energy for governing the post-peak softening
(for more details see [11]). The tension and compression curves for uniaxial loading are re-
ported in Figure 6, where: o, — &; and o, — €, are the stress — strain values associated to ten-
sion and compression; E, is the initial elastic modulus; o, — o, are the elastic stresses for
tension — compression; g, is the maximum compression stress.
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Figure 6: “Concrete Damage Plasticity” behaviour

The interaction between steel reinforcements and frame elements was reproduced with an
“Embedded region” constraint (Figure 7). This constraint implies a perfect adherence between
the constrained elements.

Figure 7: Refined modelling approach — “Embedded region” constraint between concrete and the steel reinforce-
ments

A general “Hard” contact was applied to all the solid elements of the model to avoid unreal-
istic material penetrations. Additional interaction properties were assigned to the surfaces be-
tween the elements (“Individual property assignments™) to reproduce the overall behaviour of
the system. In particular, a “tangential behaviour” with penalty friction formulation was as-
signed to the contact surfaces (fasteners-washer, CLT panel-timber subframe, CLT panel-
washer, timber subframe-washer, timber subframe-RC frame) using diversified frictional coef-
ficients for the various surface types (e.g., Figure 8 shows the in-contact surfaces between metal
fasteners and connected elements).



F. Smiroldo, D. Viel, 1. Giongo and M. Piazza

Figure 8: Refined modelling approach — Individual property assignments: fastener cylindrical contact-surfaces

The pull-out mechanisms associated with the threaded portion of the screw fasteners were
modelled through a cohesive contact with an elastic uncoupled behaviour depending on K,
K, K; (stiffness associated respectively to the normal and the two shear-directions) for which,
once the design strength is reached, a damage function reduces the tangential resistance (Figure
9).

Traction

A B Separation

Figure 9: Cohesive fracture energy — damage evolution

To obtained the above mentioned behaviour the "maximum nominal stress” (MAXS) option
was selected [27]. As a consequence, the pull-out mechanism activates when Equation 1, which
depends on the parameters t,, t,, t, (normal and shear stresses) and t2, t2, 2 (corresponding
reference strength values), is satisfied.

t, ts t;
max{ —} =1 1)

2"t ¢t

For the modelling of the contacts, the interacting surfaces were categorized into “master”
and “slave” surfaces. The mesh characteristics played a fundamental role in the process of at-
tributing the master/slave categories. For all solid components, prismatic “C3D8” elements
were preferred to linear tetrahedral elements “C3D4” (which might lead to less reliable results)
or quadratic tetrahedral elements “C3D10” (which imply longer analysis durations).
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Because the solid models of the RC frame, CLT panel and timber subframe present numer-
ous holes due to presence of the fasteners, it was necessary to partition the geometry to facilitate
meshing. Sensitivity analyses were performed and meshes with diverse levels of refinement
were adopted for different elements and for different areas in the same element. For example,
in the CLT panel, the areas around the fastener holes required a more refined mesh with respect
to the rest of the element (Figure 10).

RC frame

Fastener holes

CLT panel

Figure 10: RC-TP refined model — mesh

Once the main aspects of the model were defined, preliminary small-scale analyses were
conducted with the aim of calibrating and validating the modelling parameters. The shear and
pull-out behaviours of the fasteners were studied separately, considering both the connection
with concrete and timber. The numerical results obtained were compared with experimental
evidence available from the literature. As an example, Figure 11a and Figure 11b give the com-
parison between numerical results (red curves) and experimental results taken from [13] (for
concrete pull-out) and from [15] (for timber shear) respectively.

40 : —— 12 —
RBH-L-M12-T1-3‘ N NN
fRL |e==e- RBH-L-M12-T1-4
-———RBH-L-M12-T1-5} 8 H \\\\\
30 | — 4
=
§ 0 40 0 i
= 5 Pt A A
= 20 R ‘
8 o St |
E _8 ; _::;;/rcel::ackboﬂecuwe -
10 -12 = =
-60 -40 -20 0 20 40 60
Displacement [mm]
O -
0 4 8 12
Displacement [mm]
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Figure 11: Numerical calibration and validation of the connection behaviour in the refined model (red curves) —
comparison with experimental evidence: a) concrete pull-out, b) timber shear

For the original pre-intervention frame configuration, the masonry infill was treated simi-
larly to the concrete elements. Specifically, the infill was modelled with a macro-modelling
approach (Figure 12a) where mortar and bricks were represented by an equivalent homogene-
ous isotropic material (Figure 12b). The post-elastic behaviour was simulated by adopting the
“Concrete Damage Plasticity” constitutive model (Figure 6) as suggested by [16]. With this

10
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modelling strategy, it is possible to account for both rocking and diagonal shear failure mecha-
nisms. The contact interaction between masonry and concrete is reproduced by a general “Hard”
contact and a frictional “tangential behaviour”.

-

(a) (b)

Figure 12: Refined modelling approach: a) masonry infilled frame; b) mortar and bricks represented as an equiv-
alent homogeneous material

4.2 2D modelling

The present chapter focuses on the 2D modelling approaches adopted to simulate the bare
frame, the original masonry-infilled frame and the retrofitted frame.

Regarding the retrofitted frame, the modelling strategy presented in this section Figure 13a)
is an updated version of that exposed in detail in [9] and [10]. The main upgrades consist in an
improved characterization of the non-linear properties of the elements and in an improved def-
inition of the behaviour of the connections. By relying on the findings of the 3D refined models,
the 2D approach was calibrated to account for possible out-of-plane secondary effects. The
main characteristics of the 2D models are summarized in the following paragraphs.

The concrete frame was modelled by using frame elements capable of accounting for the
nonlinear behaviour of concrete and steel. Deformation-controlled and force-controlled hinge
elements were assigned at the extremities of columns and beams to consider respectively bend-
ing and shear collapse.

The nonlinear response of the beam-column joint was simulated by using two cross nonlin-
ear links connected to the extremities of columns and beams. The joint model adopted herein
has been proposed by Sung et al. (2013) [28] and it permits to account for the failure of the
joints with small computational effort.

The CLT panel was modelled via layered orthotropic nonlinear shell elements where each
of the three layers was assumed to be “inactive” along its weak direction.

11
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The timber subframe was an elastic frame element. The validity of the elastic-behaviour
assumption was confirmed a posteriori by investigating the subframe stress state.

(a) (b)

Figure 13: Simplified finite element model: a) Complete intervention system; b) Interaction system

As extensively described in [10], an “interaction system” reproduces the interaction between
RC frame, timber subframe and CLT panel. In Figure 13b, it is possible to observe the frame
elements that represent the middle line of the column “RC frame”, the internal face of the col-
umn “CF” and the middle line of the timber subframe “SF”.

The interaction system (Figure 13b and Figure 14a) is obtained from the overlap of a “con-
nection system” and a “contact system”.

The connection system (Figure 14b) simulates the RC-Conn (represented by the link ele-
ments “CL”) and the T-Conn (represented by the link elements “TL”). In addition, this system
simulates the contact-interaction between the timber subframe “SF” and the internal face of the
concrete frame “CF”. This contact is governed by gap link elements “GL”.

The contact system (Figure 14c) replicates the direct contact between CLT panel and RC
frame. This contact occurs when the gap between the CLT panel and the internal face of the RC
frame (CF) goes to zero and it is reproduced by using hook link elements “HL”.

12
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Figure 14: Interaction system between RC frame, timber subframe and CLT panel: (a) Complete interaction sys-

tem; (b) connection system; (c) contact system

Table 6 reports a summary of the abbreviations used for the main elements and a brief de-
scription of the relative functions.

ID Name Functions
Massless rigid frame.
F ncrete Fram .
¢ Concrete Frame Represents the internal surface of the RC elements.
KE Fake Erame Massless rigid frame. _
Used as a support element in the contact system.
Elastic frame.
SF Subframe Frame Geometrical characteristics of the timber subframe.
Positioned on the middle line of the timber subframe.
cL Concrete fastener Nonlinear link.
Link Represents the RC-Conn.
EL Frame-thickness Rigid link
Link Represents the in-plane semi-thickness of column and beams.
. Nonlinear gap link.
GL Gap Link .
P Reproduces the contact between RC frame and timber subframe.
. Nonlinear hook link.
HL Hook Link .
Reproduces the contact between timber subframe and CLT panel.
KL Fake Link Rigid link.

Used as a support element in the contact system.

13
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Timber fastener - Nonlinear link.

i Link - Represents the T-Conn..

Table 6: Interaction system — Abbreviations used and main functions

The nonlinear behaviour of CLs and TLs was defined based on the results obtained from the
refined Abaqus 3D models because such models account for possible effects due to the out-of-
plane eccentricity associated with the physical thickness of the various components. The details
of the curves assigned to the CLs and TLs are given in the next section.

The response of the original masonry infilled system was simulated by using an equivalent
diagonal struts model (Figure 15). This model was defined starting from the approaches pro-
posed by Al-Chaar (2002) [17] and Liberatore et al. (2018) [18]. Specifically, the proposed
masonry model consists of two eccentric diagonal rods, whose location in the RC frame is
given by the provisions of [17], while the compression behaviour of the rods is defined accord-
ing to [18]. The tensile strength of the diagonal elements reproduces the tensile strength of the
masonry. Consequently, if a lateral force is applied as shown in Figure 15a, the two links work
as strut and tie. The behaviour of each diagonal link is reported in Figure 15b, where the blue
branch and the red branch represent the compression and the tension response respectively.

mp | - \
\ Rigid Elements

Strut element
: \
o
o
L
s

Tie element .

Displacement
[mn] [mn]
(a) (b)
Figure 15: Original masonry-infilled system: a) Equivalent diagonal “strut and tie” model; b) Force-displacement
response

According to [17], in order to consider the confinement produced by the masonry infill, the
portions of beams and columns between the joints and the diagonal links are modelled as rigid
elements (Figure 15a). Only the intermediate sections of columns and beams can therefore de-
velop nonlinear responses.

14
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5 NUMERICAL ANALYSES AND RESULTS

5.1 Preliminary analyses

The first step of the numerical study presented herein saw the simulation of isolated RC-
Conn and T-Conn connections under pull-out and shear loading conditions. Several configura-
tions were considered (e.g., pull-out tests carried out by pulling the screw directly or by pulling
the subframe, or shear and pull-out tests performed “with and without” washers). Figure 16
shows the most relevant results: a) RC-Conn - push-out; b) RC-Conn - shear parallel to the
subframe; c) T-Conn - shear perpendicular to the subframe; d) T-Conn - shear parallel to the
subframe.

RC-Conn | push-out RC-Conn | shear parallel to the subframe

(@) (b)

T-Conn | shear orthogonal to the subframe T-Conn | shear parallel to the subframe

(c) (d)

Figure 16: Tests on RC-Conn and T-Conn — stress contour

Subsequently, in order to account for possible out-of-plane displacements due to the eccen-
trical interaction between RC frame — timber subframe — CLT panel, a test structure (referred
to as "Test-Module™) was defined (Figure 17). The size of the Test-Module was selected so as
to replicate the “base-unit” of the retrofit system. Because the RC-Conns have a 15 cm spacing
and the T-Conns have a 10 cm spacing, the Test-Module comprise two RC-Conn and three T-
Conn fasteners.

15
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Figure 17: “Test-Module”

The out-of-plane effects observed from the analysis of the Test-Module were included in the
simplified 2D models through the response-curve attributed to the TL and the CL elements (for
labelling details please see Table 6). In particular, such secondary effects were found to be non-
negligible when the force was applied in the Z-direction (Figure 18a).

Direct contact

(©)

Figure 18: “Test-Module” — out-of-plane secondary effects

Figure 19 shows the backbone curves of the T-Conn shear tests (Figure 19a) and RC-Conn
pull-out tests (Figure 19b). The green curves were obtained from the 3D model neglecting the
secondary effects by restraining the out-of-plane movements. The blue curve obtained with the
refined model considering the secondary effects. The red curves, which are the idealized ver-
sions of the blue curves, were subsequently implemented in the 2D model to account for the
secondary effects.

16
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Figure 19: Backbone curves from single-connection tests: a) T-Conn shear; b) RC-Conn pull-out

Figure 20 shows the response of the Test-Module obtained by using the 3D refined model-
ling approach and the 2D modelling approach (with secondary effect accounted for). In partic-
ular, in Figure 20a, the force applied to the panel was parallel to the X-direction (Figure 18c),

while in Figure 20b the panel was pulled and pushed in the Z-direction (see Figure 18a and
Figure 18b).

Test-Module — X-direction Test-Module — Z-direction
40
= 30 =
5 < 2
S 20 5
g g 0
4 4
T 10 T 20
3 3
m m
0 -40
0 10 20 30 40 50 60 -20 0 20 40 60
Displacement [mm] Displacement [mm]
(a) (b)
—— 3D model (Abaqus) —— 2D model (SAP2000)

Figure 20: Behaviour of the Test-Module obtained with the 3D (blue) and the 2D (red) approach: a) X direction;
b) Y direction

As it is possible to observe from the graphs, the outcomes of the two modelling approaches
are consistent for both test configurations. When including the out-of-plane secondary effects
in the 2D model, it was possible to match closely the curves from the 3D model at a much
smaller computational effort. As visible from Figure 20b, it is interesting to notice that both the
3D and the 2D models experienced a sudden stiffness increase at a negative displacement close
to —20 mm. This increase is due to the gap between the CLT panel and the RC frame (repre-

sented by the HL elements in the 2D model) that goes to zero involving a direct contact (ob-
servable from Figure 18b).
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5.2 Full-scale one-storey one-bay frame

After having calibrated the 2D modelling approach on the results from the connection tests
studied with the 3D approach, and having proof-checked the correspondence between the ap-
proaches through the analysis of the Test-Module, the case-study frame described in section 2
was modelled.

The one-storey, one-bay frame was analysed considering three alternative configurations:
Bare frame (Figure 21a), Masonry infilled frame (Figure 21b) and RC-TP retrofitted frame
(Figure 21c). Based on the findings reported in [9] and [10], the optimal RC-TP configuration
for the case-study frame was assumed to be that having a GAP of 20 mm and T-Conns arranged
only along the beams.

The three frame configurations were analysed with both modelling approaches via nonlinear
static analysis. In the first step, the vertical loads (values reported in Table 2) were applied to
the columns and the upper beam. Then, the in-plane horizontal force was introduced at the top
joint level and was incremented until the collapse of any of the structural elements was reached.

(a) (b) (©)

Figure 21: 3D and 2D models of the case-study frame configurations: a) Bare frame; b) Masonry infilled frame;
RC-TP retrofitted frame
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Figure 22: Isolated frame backbone curves — comparison between the 3D and the 2D modelling approach

Figure 22 reports the results obtained by performing the nonlinear static analyses of the iso-
lated frame in the three configurations and using both modelling approaches. Both numerical
strategies produced consistent results, showing similar behaviours for all the analysed configu-
rations in terms of stiffness, strength and failure mechanism.

For all three configurations the frame collapsed due to the bending failure of the concrete
column. However, for the masonry infilled frame, the column failure was preceded by the col-
lapse of the infill which caused an evident reduction in the load bearing capacity at a displace-
ment level close to 20 mm. The retrofitted frame, instead, showed a remarkable increase in the
bearing capacity, with the peak capacity at a displacement of approximately 40 mm. The bend-
ing failure of the concrete columns in the retrofitted frame occurred at displacement values
similar to those observed in the bare frame, attesting that the proposed intervention does not
impede the full development of the column flexural ductility.

6 CONCLUSIONS

The present paper reports the results of a numerical study on a retrofit intervention for exist-
ing RC masonry infilled structures. The intervention, named RC-TP, is aimed at reducing the
seismic vulnerability of this kind of structure by replacing the masonry infills with timber pan-
els connected to the RC-frame with screw-fasteners. The present research focused on the mod-
elling of the pre- and post- intervention system via two alternative numerical strategies with
different levels of refinement. In particular, a 3D refined modelling approach and a 2D simpler
modelling approach were investigated. Preliminary analyses on isolated connections permitted
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both to validate the 3D modelling approach on experimental evidence available from the liter-
ature, and to calibrate the 2D models to account for secondary effects that cannot be directly
observed by two-dimensional models. Consequently, an isolated one-storey one-bay concrete
frame representative of the built stock of many Countries was modelled using both strategies
and considering the “bare”, the “masonry infilled” and the “retrofitted” configurations. The RC
frame was subjected to nonlinear static analyses until the collapse of any of the structural ele-
ments was reached. The analysis outcomes showed that the proposed retrofit system can effec-
tively reduce the seismic vulnerability of existing masonry infilled RC frames, consistently with
the findings of preliminary studies previously published. By virtue of the good correspondence
between the refined 3D approach and the less refined but computationally far more efficient 2D
approach, future steps of the research will be devoted to using the 2D models for extensive
parametric studies on all the details affecting the performance of the timber-panel strengthening
technique discussed herein.
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