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ABSTRACT

This study investigates the dynamic performance of a timber-based seismic retrofit for existing reinforced con-
crete (RC) buildings, named RC-TP. The core of the proposed retrofit intervention is the replacement of the
existing masonry infills with structural timber panels that are connected to the concrete elements using metal
dowel-type fasteners and a timber subframe. The unreinforced frames were designed according to codes in force
in the 60 s and 70 s, considering exclusively gravity loads to simulate a condition common to a large part of the
built heritage across Europe. The seismic performance of single-storey single-bay frames before and after the
application of the RC-TP retrofit was assessed via nonlinear simulations, for which the incremental dynamic
analysis method was adopted. The results of the extensive dynamic study show the effectiveness of the RC-TP
retrofit in increasing the seismic acceleration resisted by the frames and their base shear capacity and in pro-
moting a more ductile failure mechanism. Some general considerations helpful in guiding the implementation of

the retrofit system were also drawn.

1. Introduction

Reinforced concrete (RC) buildings with masonry infills are typical of
the building stock of many countries and, in the last years, the seismic
response of this kind of structure has been extensively investigated
[1-5]. Although current construction codes in seismic-prone areas pro-
vide design provisions to ensure a satisfactory level of seismic safety to
new buildings (e.g., [6-8]), such safety is not guaranteed for older RC
structures built before the advent of modern seismic design principles.
Consequently, existing structures often have poor seismic detailing due
to superseded design/construction practices that can lead to extensive
damage and the activation of brittle failures under earthquake loading
[9-12]. When approaching the seismic assessment of RC frame struc-
tures, it is now widely acknowledged that the effect of the infills on the
overall seismic response must be accounted for, an aspect often
neglected in past designs. An increasing number of studies in the liter-
ature confirm that in the case of seismic events the masonry infill-lRC
frame interaction can involve additional shear actions on the struc-
tural elements and unexpected collapse mechanisms [13,14]. Specif-
ically, soft story mechanisms can be activated by a concentration of
deformations in a single storey due to irregular vertical distributions of
the infills or by torsional effects due to irregular horizontal distributions
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[15], [16]. Additionally, soft-story mechanisms can activate also in the
case of RC frames with uniformly distributed infills when the early
collapse of the infills at lower stories generates vertical irregularities
[17]. In addition, failure of the RC elements caused by local frame-infill
interaction is favoured by strong infills in weak frames [18], [19] due to
the diagonal compression strut developing in the masonry. The hori-
zontal forces are transferred by the strut to the opposite ends of the
contiguous columns generating a concentration of stress that can cause
them to fail in shear [20], [21]. The so-called “short column” effect can
also lead to similar consequences [22].

Different approaches can be adopted to reduce the seismic vulnera-
bility of existing infilled RC frames depending on the specific goal. Some
techniques aim at strengthening the infill to avoid their collapse
[23-25], other at limiting the detrimental effects of the in-plane
infill-to-frame interaction [26], or increasing the lateral capacity of
the structural system [27], [28]. The recent flourishing of integrated
retrofit strategies that target not just the structural performance but also
the energy efficiency of the existing buildings, has brought further
attention to the retrofit of masonry infill walls. Several examples of such
integrated retrofits can be found in [29,30].

The possibility of using timber panels for retrofitting RC buildings
recently caught the attention of the scientific community and timber-
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Fig. 1. Generic infilled-frame before (on the left) and after (on the right) the application of the retrofit solution.
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Fig. 2. Connection system of the retrofit solution: a) subframe-to-frame connection, b) panel-to-subframe connection.

based techniques have been proposed by a few authors [31]. Sustersic &
Dujic [32] have proposed connecting cross-laminated timber (CLT)
panels to the outer surface of masonry infilled frames using special steel
plates and brackets. They have shown via shake table testing that a
masonry infilled-frame damaged by ground motions up to 0.75 g with-
stood the same 0.75 g earthquake twice without further damage after
being retrofitted with the abovementioned technique. Margani et al.
[33] have analysed the energy performance of a retrofit concept similar
to that in [32], with the CLT-RC frame connection made using special
steel brackets incorporating friction dampers effective after a connection
deformation settlement of approximately 20 mm [34]. A numerical
comparison of alternative three-dimensional connectors (including that
proposed by [32]) can be found in Mehdipour et al. [35]. Stazi et al.
[36], have studied the possibility of using CLT panels as infills, with the
RC frame confining the timber panels thanks to fully effective
CLT-to-concrete contact. Suga et al. [37], have investigated using rela-
tively short laminated-veneer-lumber (LVL) panels that are glued
together and to the RC frame using epoxy resin. The retrofit technique
studied herein, introduced by Smiroldo et al. [38-42] and named RC-TP,
aims to enhance the seismic response of infilled RC frames through the
replacement of the infill walls with cross-laminated timber (CLT)
structural panels screwed to a timber subframe fixed inside the frames of
the RC structure using dowel-type fasteners. A clearance gap between
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the faces of the RC columns/beams and the edges of the CLT facilitates
the panel installation and prevents direct panel-to-frame contact. Initial
numeric studies based on static analyses [38-41] and quasi-static testing
up to failure of full-scale specimens [42] showed promising results, with
the retrofitted frames having a notably improved response compared to
the original masonry infilled configurations. In particular, higher
strength, displacement capacity, and a generally more ductile behaviour
were observed.

The present study aims to evaluate the effectiveness of the RC-TP
retrofit solution through a nonlinear approach, with a novel emphasis
on dynamic response. Single record incremental dynamic analyses
(IDAs) were conducted on single-storey, single-bay RC frames to
represent both infilled and retrofitted configurations. This approach was
chosen to investigate the retrofit’s performance under dynamic loading
conditions at a component level. To fully capture the variability in
seismic response of entire buildings, multiple records are typically
required. However, given the primarily exploratory nature of the study,
which focuses on a single degree of freedom structural component, only
one single spectrum-compatible record was selected. Future research
should extend this analysis to a building scale, incorporating a broader
range of ground motions to provide a more comprehensive evaluation of
seismic action and structural response. Within such research boundaries,
a design strategy was developed to optimize the retrofit intervention by
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Fig. 3. Distribution of external and internal actions adopted in the design simulation — P, column concentrated load; g, beam distributed load; I, beam length; G,
column weight: a) external actions; b) bending moment diagram; c) shear force diagram; d) axial force diagram.

performing a parametric study addressing one of the most critical
retrofit parameters: the connections.

2. Retrofit technique

The retrofit technique investigated in the present paper has been
described in detail in [38-42]. The intervention involves replacing the
masonry infills with CLT structural panels (Fig. 1). The load transfer
between the panel and the RC frame is ensured by a connection system
comprising a timber subframe (Fig. 2a), subframe-to-frame fasteners
(Fig. 2a) and panel-to-subframe fasteners (Fig. 1 and Fig. 2b). To prevent
the transfer of additional shear forces to the RC frame via direct contact
with the CLT panel, a gap is maintained between the internal surfaces of
the RC frame and the panel edges (Fig. 1). This gap, with a width of
approximately 1.5 to 3 c¢m, is designed to accommodate the deformation
of the fasteners. By doing so, it ensures that, until complete failure of the
connection, stress between the panel and the RC frame is transferred
solely by the fasteners, thereby avoiding the development of a com-
pressed strut within the CLT panel.

Both the subframe-to-frame connection (RC-Conn) and the panel-to-
subframe connection (T-Conn) consist of metal dowel-type fasteners.
The RC-Conn can be made with dry concrete-screws or with resin-
bonded steel anchors, depending on the characteristics of the concrete
material and on the resistance demand. The T-Conn is obtained by using
partially threaded timber screws with washers inserted perpendicularly
to the panel surface.

Furthermore, the RC-Conn is designed to be significantly stiffer than
the T-Conn. Therefore, in the modelling phase, the RC-Conn was
assumed to be rigid. On the other hand, the T-Conn, which governs the
force transfer between the concrete frame and the timber panel, was
calibrated to exceed the elastic range before the collapse of the frame
elements. The post-elastic resources of the timber screw connections add

to the system energy dissipation.

In addition, the strong direction of the CLT panel is oriented verti-
cally (i.e., the external layers of the panel have the boards running
vertically). In fact, in the event of severe damage to the structural ele-
ments, the CLT panels can provide additional vertical load support by
redistributing the loads across the damaged areas, acting as secondary
load paths. The contact forces developing at the gap closure between the
panel and the RC beams allows for the vertical load transmission as
reported also in [41] and [42]. However, further studies are needed to
investigate the progressive collapse mechanisms that RC-TP retrofitted
buildings may experience due to strong ground motions. These studies
would provide valuable insights for designing RC-TP retrofits that can
ensure the stability of the structure, even in case of RC member failures.

3. Definition of the frame characteristics

In the present study, four different single-storey single-bay infilled
RC frames were considered. The frames are intended to be representa-
tive of existing RC structures designed for gravity loads only. The period
of maximum production of RC buildings in Italy was between 1960 and
1980 [43]. During those two decades, design codes changed. In 1972,
the design code in force since 1939 [44] and the associated explanatory
document [45] were replaced by [46]. Therefore, the existing RC frames
considered in the analyses were divided into two sets composed of two
frames each. The first set of frames, referred to as “60s frames”, follows
the provisions of the older design codes [44], [45]. The frames in the
second set were instead designed following the provisions of [46] and
will be referred to as “70s frames”.

Once the material properties, cross-section geometry, aspect ratios,
and vertical loads were defined, a design simulation was performed to
determine the details of the frame reinforcement. Several aspects of
common design practice, such as the use of bent longitudinal bars at the
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Table 1

Design strengths relative to the considered periods: 6., concrete allowable
compressive stress for axial forces; o.¢g, concrete allowable compressive stress
for bending; 7., maximum concrete shear stress in the absence of shear rein-
forcement; T max, concrete allowable shear stress when shear reinforcement is
present; o g, steel rebar allowable tensile stress.

Period  Concrete Steel
Gce R Ocf,R Te,0 Te,max Type Os,R
[kg/ [kg/ [kg/ [kg/ [kg/
cmz] cmZ] cmz] sz] sz]
60s 45,00 55,00 6,00 16,00 Ag50 1600
70s 59,90 85,00 5,33 15,33 FeB32 1600

B

Upper corners bars
< 4
Additional bars Additional bars
CLRYT) eaiona’ bal
Additional bars /
> Lower corners bars s

Corner bars Corner bars

Fig. 4. Layout of longitudinal reinforcement typical of RC beams constructed
between 1960 and 1980 (A; = area of the longitudinal reinforcement bars
supplementing the corner bars to meet the design requirements).
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Fig. 5. Geometrical characteristics of the considered frames.

end of the beams or the assumed distribution of internal forces (Fig. 3)
were deduced from old design manuals [47,48].

Consistently with the reference construction codes for both the 60s
and the 70s frames, the design was carried out according to the method
known as “allowable stress”. The design strength values adopted in the
present study were derived from the most typical materials used during
the considered periods [44,46] and are reported in Table 1.

A particularly interesting provision by the standards previously
mentioned concerns the detailing of transverse reinforcement in col-
umns. The construction code used for designing 60s frames prescribes a
maximum spacing smax for stirrups equal to:
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Table 2
Mechanical and geometrical properties of the analysed frames.
Material properties Geometry
Concrete 60s 70s Frame
Compressive strength, f. 17,00 24,00 Beam span, 1 (cm) 500
(MPa)
Modulus of elasticity, E. 26,30 29,50 Storey height, h 310
(GPa) (cm)
Rebar 60s 70s Beam section
Yielding stress, f, (MPa) 380 430 Beam height, hy, 50
(cm)
Beam width, by, 30
(cm)
Masonry infill (hollow
clay bricks)
Compressive strength, fy, 6,50 Column section
(MPa)
Modulus of elasticity, En, 4,55 Column height, h, 30
(GPa) (cm)
Basic shear strength, f,o 0,13 Column width, b, 30
(MPa) (cm)
Diagonal shear strength, 0195
fyom (MPa)
Infill
Loads Infill thickness, tp, 20
(cm)
Infill height, hp, 260
(cm)
Column load Low High Infill length, 1, 470
(cm)
Top column axial force, P 100 340
(kN)
Beam load
Beam distributed load, q 15
(kN/m)

Smax = min(0.5min(b, h), 10Diong )

Taking into account the usual longitudinal bar diameters (ranging
between 12 and 16 mm [49]) and the typical minimum cross-section
geometry of the columns (300 x300 mm [25]), the “sp.” limitation
for the 60s frames is more severe than that used for designing 70s
frames, which instead is:

Smax = min(25 cm, 15®lang)

For this reason, the columns of 60s frames may exhibit higher shear
strength than the columns of 70s frames.

Regarding transverse reinforcement of the beams, the 60s design
code does not specify a maximum spacing for stirrups. However, the
code states that if the shear stress exceeds 7, the entire shear force
must be absorbed by the steel reinforcement made of sole stirrups or
stirrups and bent longitudinal bars. Additionally, at least 50 % of the
shear force must be attributed to stirrups. A similar requirement is also
present in the 70s standard, where the minimum percentage of shear
force to be attributed to the stirrups is 40 % and where the minimum
transverse reinforcement is specified and amounts to three stirrups per
meter length of beam.

For the beam design, a typical layout of the longitudinal reinforce-
ment was adopted [47,48], and it is shown in Fig. 4.

To investigate the influence of the column axial load, the two
mentioned sets were divided into two subsets that differ in the magni-
tude of the compression force at the top of the columns. For brevity,
these subsets will be referred to as “high column load” (HCL) and “low
column load” (LCL). Vertical forces are consistent with the loading of
columns located on the ground floor of a two-storey and of a four-storey
building, respectively. The distributed gravity load assigned to the beam
(15 kN/m) is consistent with the load from medium-weight infills with
openings and medium-weight floors (2.5 m tributary length). The
geometrical properties, load assignments, and material properties
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Table 3
Steel reinforcement of the frames.

Structures 69 (2024) 107328

Beam details

At support At midspan Stirrups
Extrados Intrados Extrados Intrados
60 s 6016 2016 2016 4016 ?6/17
70 s 4014 + 2010 2014 2010 4014 ?6/30
Column details
Load level Stirrups
Low High
60 s 4012 8012 ?6/20
70's 4012 8012 ?6/18

X@Y = X number of bars of diameter Y mm
@Y /Z = Stirrups of Y mm diameter spaced at Z cm

Table 4

Retrofit configurations considered in the analysis of each frame subset.

Name Fastener spacing along beams Fastener spacing along columns
MI - -
R 10 -20 10 cm 20 cm
R 10 -55 10 cm 55 cm
R10-NO 10 cm No fasteners
R 20 -20 20 cm 20 cm
R 20 -55 20 cm 55 cm
R 20-NO 20 cm No fasteners
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Fig. 6. Numerical model of the masonry infilled-frame.

N, (kN)

d (mm)

Fig. 7. Constitutive law for the equivalent strut (masonry infill) in compres-

sion: Ns, axial load; d, axial displacement.

adopted in the frame models are reported in Fig. 5, Table 2 and Table 3.
The mechanical properties of the materials correspond to typical values
for existing RC buildings dated to the periods considered by this study

————— 0:——-‘——————— 0(1FU]
P> Py )

Fig. 8. Hysteretic Pivot model for a generic tension-compression rule [55,57].

Table 5
Pivot model parameters adopted in the analyses.
(4] az ﬂ1 ﬁz
Equivalent strut 0,00 0,25 0,00 0,00
Fasteners 100,00 100,00 0,40 0,40
N R EE e e
et
o plastic hinge == end length offset  ~~body constraint
i zero length multilinear plastic link
Fig. 9. Retrofitted frame numerical model.

[49-51].

Each subset comprises frames in the “as-built” configuration and
several alternative retrofit configurations, which involve different
spacings of the panel-to-subframe fasteners along the columns and
beams. In the following, the frames representing the as-built configu-
ration are identified by the acronym "MI" (i.e., masonry infilled).
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12 7 F(kN)

d (mm)

Fig. 10. Backbone curve of the panel-to-subframe connection: F, shear force
acting on the connection; d, connection slip.

Instead, the retrofitted frames are identified using the letter “R” fol-
lowed by a pair of numbers that indicate the fastener spacing (in cen-
timetres) along beams and columns, respectively. In the case of no
fasteners, “NO” replaces the spacing number on the label. The config-
urations analysed for every subset are summarized in Table 4. The seven
configurations per subset resulted in a total of 28 different models.

4. Numerical modelling

The modelling strategy adopted in the present study was defined
based on the one presented in [40]. Some changes were introduced to
make it suitable for nonlinear dynamic analysis (e.g., by adding hys-
teretic material response), to reduce computational burden, and facili-
tate the model creation process. Consistently with the previous stages of
the research reported in [38-42], 2-dimensional in-plane analyses were
performed using the software SAP2000 [53].

The RC structure is made up of straight frames that represent the
beam and column members. Fibre hinges are introduced to simulate the
nonlinear material behaviour via a concentrated plasticity approach.
The higher stiffness of the joints is accounted for by assigning rigid end-
offsets to the beams and columns. Because of that, the joint strength
verification was carried out a posteriori.

Due to the adoption of fibre hinges, the nonlinear bending response
of the RC components is directly derived from the constitutive law of the
materials. Specifically, the Mander model [54] was adopted for con-
crete, neglecting confinement effects. Steel reinforcement, instead, is
characterized by a uniaxial elastic-perfectly plastic law. The hysteretic
behaviour of materials was also considered: the kinematic hysteresis
model was adopted for steel reinforcement, while the built-in “concrete”
hysteresis model [53] was used to describe the cyclic behaviour of
concrete.
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With reference to the as-built configurations (MI), the masonry infills
are simulated using the concentric equivalent strut macro-model visible
in Fig. 6. The modelling approach proposed by [55] was adopted for the
characterization of the equivalent struts and their backbone curves

Table 6
Main geometrical properties of the reference frames for the numerical model
experimental validation.

Frame: Infill:
Beam span (cm): 460 Solid clay bricks wythe:
Storey height (cm): 275 Thickness (cm): 12
Beam height (cm): 40 Height (cm): 235
Beam width (cm): 30 Length (cm): 430
Column height (cm): 30
Column with (cm): 30 Hollow clay bricks wythe:
Beam reinforcement 6014 + 20014  Thickness (cm): 8
(support):
Column reinforcement: 4014 Height (cm): 235
Length (cm): 430
Retrofit configuration:
Load:
Configuration: R—-10-NO
T-Conn fasteners diameter 10 Top column axial force 220
(mm): (kN):
Panel thickness (cm): 10 Beam distributed load 16
(kN/m):
Table 7

Mechanical properties of the reference frames derived from [62].

Concrete Strong/weak masonry
wythe
Compressive strength 10.0 Compressive strength 10.4/1.6
(MPa): (MPa):
Modulus of elasticity 22000 Modulus of elasricity 10400/
(GPa): (MPa): 1600
Diagonal shear strength 0.25/0.15*
(MPa):
Steel bars
Steel fasteners
Yielding strength (MPa): 532
Modulus of elasticity 206000  Maximum shear strength 14.4
(MPa): (kN):
Ultimate displacement 45

(mm):

” In the absence of experimental data, the value was assumed as recommended
by [52].

Fig. 11. RC frames tested in [42] and referred to for the numerical model validation: a) infilled frame b) retrofitted frame.
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Fig. 12. Validation of the numerical models based on the results of experimental quasi-static cyclic tests: a) infilled frame; b) retrofitted frame.

20 40 60 8

Table 8
Natural accelerogram selected from the PEER database.

Earthquake Station Name Year  Magnitude 5-95 % Duration
Name (sec)
Imperial EI Centro Arry 1940 6,95 24,2

Valley—02 #9

(Fig. 7). The hysteretic behaviour of the infill is described using the Pivot
hysteresis model [56] according to [57]. To define the Pivot model
(Fig. 8), a strength envelope must first be selected by assigning yield
force values in tension and compression (Fy; and Fy»), initial stiffness,
and peak strength. The hysteresis rules are then governed by the pa-
rameters o, ap, 1 and P (Fig. 8). As shown in Fig. 8, the primary points
(P1 and P2, P3 and P4) and the pinching points (PP2 and PP4) lie on the
lines containing the elastic branches of the strength envelope where the
y-axis intercepts aoFys and a;Fy;, and piFy; and BoFyo, respectively.
Because the equivalent strut acts only in compression and the experi-
mental evidence available in the literature has shown that the infills do
not gain stiffness when the load is reversed until the total plastic
deformation is recovered [57], the parameters a;, 1 and P, are set as
null. Therefore, the Pivot model adopted here to describe the hysteretic
behaviour of the infilled frame requires only the definition of the ay
parameter. The value assumed for the ap parameter is reported in
Table 5 and was calibrated by [57] based on experimental results ob-
tained from cyclic testing of a clay masonry-infilled RC frame.

1.2
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600
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b)

TEST
MODEL

Base shear force (kN)

To take into account the local interaction between the frame and the
infill, provisions by FEMA [58] were considered, as suggested by [59].
Therefore, the shear forces acting on the beam and column elements
were estimated by decomposing the axial force acting on the equivalent
strut in the vertical and horizontal directions, respectively.

Regarding the retrofitted frame modelling approach (Fig. 9), the
timber panel was reproduced by using orthotropic shell elements. As
observed in [38], the stress state in the CLT panel during lateral loading
was expected not to exceed the elastic strength of the material. There-
fore, a linear elastic behaviour was attributed to the shell elements and
stress compatibility with the material strength was checked a posteriori.

The panel-to-subframe connection was modelled by means of mul-
tilinear plastic links whose properties were derived from [38] and are
reported in Fig. 10. A Pivot hysteretic model was also adopted to capture
pinching phenomena and characterize the connection behaviour under
unloading and reloading conditions (Fig. 8). Such hysteretic model is
often used in the literature to simulate timber-to-timber connections
[60,61]. The parameters al, a2, f1, and f2 adopted herein are reported
in Table 5. Differently, the subframe-to-frame connection was assumed
to be rigid and a “body constraint” between the subframe and the frame
was set.

5. Model validation on experimental evidence

The modelling approach was validated on the results of an experi-
mental campaign conducted at the Department of Civil Environmental

0.6 1

o
o)
"
LJL N S B B S S B L e B e

-

Spectral acceleration (g)
=

Eh)

02 +°

..... Target spectrum (LS)

--------- Unscaled spectrum of selected record

Scaled spectrum of selected record

Target spectrum
2,=0.385g
Amax=0.908g
Ty =0.244sec
Tc=0.733sec
Tp =2.638sec

2 25 Tp 3 35 4

Period (sec)

Fig. 13. Comparison between the life safety (LS) target spectrum, the unscaled and the scaled spectrum of the selected record.
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Table 9
Natural period and associated spectral acceleration of the analysed frames.
Reference Column Configuration  Natural Spectral
period load period acceleration (g)
(sec)
70s HCL MI 0,16 0,81
R 10 -20 0,32 0,86
R 10 -55 0,33 0,81
R10-NO 0,34 0,78
R 20 -20 0,34 0,78
R 20 -55 0,36 0,84
R 20-NO 0,38 0,91
LCL MI 0,10 0,60
R 10 -20 0,20 0,97
R 10 -55 0,21 1,01
R10-NO 0,21 1,07
R 20 -20 0,21 1,07
R 20 -55 0,22 1,08
R 20-NO 0,23 0,96
60s HCL MI 0,17 0,80
R 10 -20 0,33 0,81
R 10 -55 0,34 0,77
R10-NO 0,36 0,85
R 20 -20 0,36 0,84
R 20 -55 0,37 0,90
R 20-NO 0,40 1,05
LCL MI 0,10 0,61
R 10 —-20 0,21 1,01
R 10 -55 0,21 1,07
R10-NO 0,22 1,07
R 20 -20 0,22 1,08
R 20 -55 0,23 0,98
R 20-NO 0,25 0,99
12
X INFILLED
K o RETROFITTED
s 1
® | [\
o \/ﬂ
S 08
®
o
T 06
a
v /
04 4 + i
0 0.5 1
Period (sec)

Fig. 14. Spectral acceleration at the first mode for the analysed frames.

and Mechanical Engineering of the University of Trento (Italy) [42], in
the framework of a collaboration between the University of Trento and
the Joint Research Centre in Ispra (Italy). A set of four RC frames,
including both as-built masonry-infilled frames and frames retrofitted
with RC-TP, was tested under pseudo-static cyclic loading up to collapse.
A double-wythe masonry infilled frame (Fig. 11-a) and a frame with the
CLT retrofit (Fig. 11-b) were taken as references for the validation of the
numerical models. The main geometric properties of the reference
frames are reported in Table 6.

The mechanical properties of the concrete, steel rebar, masonry
wythes and steel fasteners assigned to the numerical models for the
experimental validation were derived from [62] and are summarized in
Table 7.

The results of the experimental validation are reported in Fig. 12.
Regarding the infilled frame (Fig. 12-a), the numerical simulation
adequately matched the experimental response, even though with a
slight underestimation of the initial stiffness. The model’s prediction of
the base shear capacity of the experimental test falls within the 5 % error
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range. Strength and stiffness degradation was mainly due to damage in
the masonry infill in both numerical model and experimental test. As
concerns the retrofitted frame, it appears from Fig. 12-b that both the
initial stiffness and the base shear capacity were accurately predicted by
the numerical model. In the numeric simulation, a combination of frame
members’ strength degradation and fasteners’ failure was responsible
for the retrofitted frame collapse, as it has also been observed
experimentally.

6. Single record IDAs

The seismic performance of the frames was investigated through
single-record incremental dynamic analyses [63]. The procedure con-
sists of iterating nonlinear dynamic analyses in which the record is
upscaled at every step to increase the seismic intensity. The record used
for the analyses (Table 8) was selected from the PEER West2 Database
[64], adopting a target design spectrum defined according to the Italian
code [65] relative to areas with high seismic hazards.

The target spectrum, the unscaled spectrum and the scaled spectrum
of the selected record are reported in Fig. 13.

The peak ground acceleration (PGA) was selected as the intensity
measure IM for the present study. The incremental process was per-
formed through a stepping algorithm, where the IM was increased by
constant increments from zero to the collapse of the structure.

Table 9 reports the natural periods and the associated accelerations
obtained from the scaled spectrum. It can be seen that the natural pe-
riods of the retrofitted frames are approximately twice as long as the
periods of the infilled frames. Because differences in spectral accelera-
tions can bias the analysis results, it is worth noting that the infilled
frames’ accelerations are, on average, lower than those of retrofitted
frames (Table 9 and Fig. 14). This resulted in a conservative assessment
of the effectiveness of the intervention.

During the analyses, the performance of the frame was assessed ac-
cording to the provisions of the Italian code [65]. Specifically, shear
strength, ductility and deformation capacity (evaluated with reference
to the rotation of the chords of the members), and joint strength were
checked at every step of the analysis. As recommended by [52], RC shear
strength degradation under cyclic loading was also taken into account.
This phenomenon, which involves a reduction in shear capacity due to
the widening of flexural-shear cracks [66], has been widely investigated
by [67], who has proposed the formulation currently implemented in
Eurocode 8 [6].

7. Analysis of results

Given that previous studies [39] have shown that, in the case of
especially vulnerable beam-column joints, additional interventions (e.
g., by using fiber reinforced polymers) must be adopted to ensure the
joint overstrength required by a capacity design approach, the response
of the joints was evaluated separately. In the following, the condition of
incipient collapse is therefore identified with the failure of a column or a
beam element.

The results of the analyses showed that the retrofit intervention can
generate a marked improvement in the overall seismic capacity with
respect to the masonry-infilled configuration. By considering the retrofit
solution that reached the maximum PGA for each frame type (Fig. 15
and Table 10), it is possible to observe: a) an increase in PGA at collapse
(APGA,) ranging from 64 % to 217 %; b) an increase in maximum
lateral capacity (AHpax) ranging from 82 % to 240 %. These improve-
ments are mainly due to the activation of a beam-to-beam load transfer
mechanism that reduced the shear force acting on the columns in all
analysis runs (Fig. 16). In fact, part of the horizontal force is transferred
from the upper beam to the lower one through the timber panel,
reducing the involvement of the columns in the shear load transfer
mechanism. Expectedly, the beam-to-beam load transfer appears more
efficient when the spacing between the fasteners along the beams is



A. Bartolotti et al.

——MI ——R-10-20 ===-R-10-55 e

0.4

0.35
0.3
0.25
0.2

PGA/g

0.15
0.1
0.05

o S ——
0 025 05 075 1 125 15
Drift (%)

60s-HCL

09 +
08 + L
07 1 g

06 + " -0

05 1 A pm— ... °
04 B

03 | A

02 1 e

01 f /45

PGA/g

0 0.25 0.5 0.75 1
Drift (%)

60s-LCL

R-10-NO

Structures 69 (2024) 107328

——R-20-20 ----R-20-55 - R-20-NO

0.3
0.25 +
0.2 +

0.15 +

PGA/g

0.05 +

0 0.25 0.5 0.75 1
Drift (%)

70s-HCL

09 + -
08 | e
07 | o
06 + p
05 1 e )
oa | 2 ‘
03 |
02 |

01 /£

PGA/g

0 0.25 0.5 0.75 1
Drift (%)

70s-LCL

Fig. 15. Comparison between as-built and retrofitted configurations — Single record IDA curves (PGA/g — Drift): o marker, shear collapse of columns due to cyclic

effects; x marker, shear collapse of columns; /\ marker, infill collapse.

reduced. The data reported in Table 10 show that the increase in the
base shear capacity (AHpax) due to the retrofit is on average 68 % for
frames with fasteners spaced at 20 cm along the beams, while it is 124 %
for frames with fasteners spaced at 10 cm. In addition, for a given PGA,
the average reduction in column shear demand (Fig. 16) moved from
33 % (20 cm spacing) to 42 % (10 cm spacing). Lastly, from Fig. 15 it is
possible to observe that, for the same PGA, the reduction in the spacing
of the fasteners along the beams resulted in a reduction of the drift de-
mand for the retrofitted frames.

As visible in Fig. 17, for the same PGA, an increased beam shear
demand was found on the retrofitted frames compared to the masonry
infilled ones. However, even though older buildings were designed for
gravity loads only without considering any appreciable shear action on
columns, the transverse reinforcement of the beams was explicitly
designed assuming an appropriate safety level for the expected vertical
loads. Consequently, these types of buildings usually are much more
vulnerable to shear forces applied to the columns rather than to the
beams. Therefore, to maximise the benefits of the intervention, it is
possible to exploit the shear resistance reserve of the beams. In Fig. 17 it
is also possible to observe that the fastener spacing along the columns
affects the shear demand on the beams. Moving from configurations
with no fasteners on columns to configurations with a 20 cm fastener
spacing, an average drop of 20 % in the beams shear demand was found
for any given PGA. This response suggests that, in the case of beams with
poor shear resistance, configurations with more fasteners on the col-
umns may be more efficient. In any case, in applying the proposed
intervention, the increase in the beam shear demand must be accounted
for with care.

It is worth noting that, in terms of APGA,, the 60s retrofitted frames

showed an overall minor (yet still significant) improvement in the
seismic response compared to the 70s ones. Such a result is to be
attributed to the better seismic performance of the 60s frames in the as-
built infilled configuration rather than to a lower effectiveness of the
retrofit solution. As previously mentioned, due to the building codes in
force at the time, the 60s frames are characterized by a higher column
shear strength that makes them less vulnerable to the local shear action
transferred by the infill. Consequently, for the masonry infilled config-
urations, the analyses showed greater displacement capacities in the
case of 60s frames (e.g., see for example 60s-HCL — 70s-HCL and 60s-LCL
— 70s-LCL in Fig. 15). The higher column shear strength of 60s frames
involved also the development of ductile failure mechanisms with
plastic hinge formation, followed by the cyclic shear strength degrada-
tion of the columns. However, it must be noticed that failure of the
masonry infill (marked with a red triangle in Fig. 15) occurred for
displacement values significantly smaller than those associated to the
column shear failure. Developing a ductile response in the infilled
configurations requires, therefore, the acceptance of the collapse of the
infill, itself a life safety hazard.

In the case of both LCL and HCL, the retrofit interventions generated
marked improvements in the seismic response. However, increasing the
vertical loads produced opposite results in 60s and 70s frames because of
the different characteristics of the column cross-sections. With higher
vertical loads, the column yielding and maximum moment increase,
causing an increase in the maximum shear. In the case of HCL 70s
frames, characterised by a poor shear strength, the increase in shear due
to the higher vertical loads (e.g., see R10-55 in Fig. 16) caused the
column shear failure, resulting in smaller APGA,, AHpax and Adpax
(Table 10) compared to the LCL 70s frames. In contrast, in the 60s
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Table 10
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Analysis results: symbol 1,best performing configuration for each subset; S, shear collapse; SD, shear collapse due to cyclic shear strength degradation; PGA,,, peak
ground acceleration at RC frame collapse; PGA,, peak ground acceleration at RC column yield; PGA;, peak ground acceleration at beam-column joints failure; Hpay,
maximum horizontal base reaction; dp,x, maximum interstorey displacement; AGAP., maximum relative approaching between the columns and the CLT panel; AGAP,
maximum gap-size variation; symbol A, ratio between the value obtained in the retrofit and in the MI configuration.

Period Load Type Collapse PGAy/ PGAj/ PGA,/ Hpax dimax AGAP. AGAP,, APGA, AHpax Admax
level mechanism g g g (kN) (mm) (mm) (mm)

*70s HCL MI S - - 0.125 155.4 7.7 - - - - -

*70s HCL R S - 0.25 0.25 360.1 15.0 4.8 5.8 100 % 132 % 94 %
10 —201

*70s HCL R S 0.225 0.25 0.25 371.7 18.6 4.4 12.6 100 % 139 % 140 %
10 —551

’70s HCL R 10-NO S 0.225 0.2 0.225 347.2 21.0 4.5 3.1 80 % 123 % 171 %

*70s HCL R 20 —20 S - 0.175 0.175 274.2 14.3 3.7 9.1 40 % 76 % 85 %

*70s HCL R 20 -55 S - 0.15 0.175 274.2 17.4 4.3 3.9 40 % 76 % 125 %

’70s HCL R 20-NO S 0.175 0.125 0.2 265.6 23.5 3.9 3.7 60 % 71 % 203 %

*70s LCL MI S - - 0.3 130.4 5.4 - - - - -

*70s LCL R 10 —20 S 0.6 0.65 0.8 399.2 17.8 9.6 8.8 167 % 206 % 233 %

*70s LCL R SD 0.55 0.65 0.95 443.9 25.5 4.9 14.6 217 % 240 % 376 %
10 —551

*70s LCL R 10-NO SD 0.5 0.65 0.75 373.4 24.7 9.6 4.4 150 % 186 % 362 %

*70s LCL R 20 —20 SD 0.5 0.45 0.75 356.0 24.8 4.0 12.0 150 % 173 % 363 %

’70s LCL R 20 -55 SD 0.5 0.45 0.65 321.3 28.5 6.2 9.7 117 % 146 % 432 %

*70s LCL R 20-NO SD 0.35 0.4 0.5 260.8 26.3 4.6 4.8 67 % 100 % 391 %

’60s HCL MI SD 0.2 0.175 0.225 243.5 28.8 - - - - -

’60s HCL R SD 0.25 0.175 0.375 491.9 32.0 7.2 17.4 67 % 102 % 11%
10 —201

’60s HCL R 10 -55 SD 0.225 0.175 0.35 456.4 36.3 11.9 9.6 56 % 87 % 26 %

’60s HCL R 10-NO SD 0.2 0.175 0.3 391.2 31.1 11.6 4.3 33% 61 % 8%

’60s HCL R 20 —20 SD 0.2 0.15 0.275 353.4 29.4 5.0 15.1 22 % 45 % 2%

’60s HCL R 20 -55 SD 0.2 0.125 0.275 324.8 34.5 9.8 12.2 22 % 33% 20 %

’60s HCL R 20-NO SD 0.175 0.1 0.225 277.5 34.8 8.6 6.5 0% 14 % 21 %

’60s LCL MI SD 0.45 0.45 0.55 234.7 27.6 - - -

’60s LCL R SD 0.55 0.55 0.9 426.1 22.1 5.7 15.7 64 % 82% —20 %
10 —201

’60s LCL R 10 -55 SD 0.5 0.5 0.85 392.8 22.5 8.8 8.0 55 % 67 % —-18%

’60s LCL R 10-NO SD 0.4 0.5 0.75 377.9 27.3 8.8 4.0 36 % 61 % -1%

’60s LCL R 20 —20 SD 0.45 0.35 0.7 336.6 22.6 4.2 13.3 27 % 43 % -18%

’60s LCL R 20 —-55 SD 0.45 0.4 0.6 302.8 25.8 5.5 8.0 9 % 29 % —6 %

’60s LCL R 20-NO SD 0.3 0.35 0.5 259.4 29.6 6.5 5.8 -9% 11 % 7 %

frames, the increase in shear action due to higher vertical loads did not
entail the shear failure, and therefore a ductile failure due to plastic
hinge formation followed by shear strength degradation was observed in
both HCL and LCL. Furthermore, the higher vertical load meant larger
yielding moments of the columns, and consequently a delayed activation
of the shear strength degradation, resulting in increased ultimate drift
values (Fig. 15 and Table 10). Lastly, considering the best performing
solution among the 60s frames, the increase in vertical loads involved
the APGA, to move from 64 % (LCL) to 67 % (HCL). On the contrary,
considering the best performing 70s frame, the APGA, moved from
167 % (LCL) to 100 % (HCL). Therefore, it emerges that in case of suf-
ficient shear reinforcement (i.e., 60s frames), the seismic response is not
significantly affected by the column vertical loading. On the other hand,
in the case of poor shear strength (i.e., 70s frames), the vertical load on
the columns appears to have a significant effect on the overall response.

Based on the analysis results, some general design rules can be
defined to further enhance the effectiveness of the retrofit solution. As
already mentioned, provided that the beams have sufficient shear
overstrength, reducing the spacing between the fasteners along the
beams always led to a better seismic response both in terms of PGA,, and
Hmax (Table 10). Regarding the fastener spacing along the columns,
although smaller spacings generally resulted in higher column shear
demands (Fig. 16), further study on this aspect is recommended. For the
60s frames, the spacing reduction of the column fasteners caused an
improvement in the seismic response similar to that observed when
reducing the spacing of the beam fasteners. A smaller spacing involved
indeed an increase in maximum base shear capacity Hy,qx, a decrease in
drift demand for a given PGA and thus an increase in PGA,, (Fig. 15 and
Table 10). Instead, the 70s frames showed different results. Although for
reduced spacings of the column fasteners, a decrease in the seismic drift

10

demand is noticeable (Fig. 15), decreases in Hp,x and PGA, were
detected in some cases. In particular, considering the results of 70s-LCL
with fastener spaced at 10 cm along the beams (Fig. 15 and Table 10), a
16 % decrease in PGA, was found when the spacing of the column fas-
teners was reduced from 55cm to 20 cm. This result is explained
considering Fig. 16 (70s-LCL) and comparing R-10-55 with R-10-20
(shear forces on RC columns). While the R-10-20 curve grows at a
constant rate until the shear strength Vy is reached, the R-10-55 curve
shows a slope reduction and a subsequent plateau once a certain PGA
level is exceeded. This slope reduction is due to the plasticisation of the
column ends (PGAy in Table 10), which limits the increase in shear
demand on the columns. Because of such phenomenon, the R-10-55
configuration developed a ductile failure mechanism (due to the column
plasticisation), reached a higher PGA level and failed due to shear
strength degradation. On the contrary, the R-10-20 configuration
showed a brittle collapse mechanism due to shear failure. A less pro-
nounced increase in the column shear demand after a certain PGA
threshold was also observed in the 60s frames. Fig. 16 (60s-HCL and 60s-
LCL) also shows that smaller spacings for the column fasteners involved
higher PGA thresholds at which the curve slope reduction occurs.
Because of the larger shear strength of the columns of the 60s frames, the
collapse was caused by shear strength degradation even in the cases of
smaller spacing (20 cm). In the case of 60s frames, R-10-20 configura-
tions showed the best seismic performance (in terms of PGA, and Hp,ay)
characterized by shear strength degradation failure for high PGA values
(Fig. 16) with relatively small drift demand (Fig. 15).

Regarding the response of the beam-column joints, in 82 % of the
frames analysed, the failure of the joints preceded that of the columns or
the beams. In all the joint failures detected (identified with PGA; in
Table 10) a tension-governed failure was observed, while compression-
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degradation (VR).

governed failure never occurred. When joint failure was observed for
both the masonry-infilled and the retrofitted configurations (i.e., 60s
frames), the best performing retrofit configuration showed a PGA at
joint collapse (PGA)) equal (60s-HCL) or higher (60s-LCL) than that of
the masonry-infilled configuration. This result shows that the retrofit
intervention can improve the response of the beam-column joints, con-
firming the observation by [39]. However, for most of the analysed
frames, the retrofit design strategy should include additional strength-
ening of the joints to guarantee joint overstrength and maximise the
benefits of the RC-TP intervention.

Finally, Table 10 reports the maximum variation in the size of the
gap between the RC frame and the CLT panel observed in the analyses. In
particular, the reported values represent the minimum gap (see Fig. 1)
between the panel and the column (AGAP,), and between the panel and
the beam (AGAPp) necessary to avoid direct contact during lateral
loading. Consistently with the outcome of previous studies [38-42], a
gap size equal to 20 mm appears sufficient to avoid contact between the
panel and the frame.

8. Conclusions

The paper presents the outcome of nonlinear incremental dynamic
analyses performed on RC frames retrofitted with a CLT-based
strengthening named RC-TP. In the study, the seismic performance of
masonry-infilled frames representative of the as-built condition of
existing RC frame buildings in Italy was compared to that of frames
where the existing infill had been replaced with a structural timber
panel. The analyses concerned two sets of frames assumed to have been
designed for gravity loads only, considering provisions and typical ma-
terial properties from two different periods (i.e., the 1960-1970 and
1970-1980 decades). Furthermore, two subsets were created to evaluate

the influence of column axial load variation on the seismic response. For
each frame, six alternative retrofit configurations, obtained by varying
the fastener spacing, were analysed to optimise the effectiveness of the
intervention. From the results of the analysis, some general consider-
ations on the efficacy of the retrofit solution and its optimized design
were made and are reported in the following.

o The retrofit solution can significantly enhance the seismic perfor-
mance of infilled RC frames by: a) increasing the PGA at collapse; b)
increasing the maximum lateral capacity; c) avoiding brittle col-
lapses due to infill-to-frame local interaction.

The column load level affects the response of the retrofit intervention

mainly in the case of concrete elements with poor shear strength.

An increased beam shear demand was found associated with the

retrofit intervention. However, this increased seismic demand is

consistent with the reserve of shear strength present in beams
designed solely for gravity loads.

e When different retrofit configurations are compared, increasing the
number of fasteners on the beams produces a more considerable
enhancement of seismic performance due to a lower column shear
demand and an overall increase in base shear capacity.

e The optimal fastener spacing along the columns strongly depends on
the column shear strength because increasing the number of fas-
teners on the columns results in: a) higher base shear capacity and
smaller inter-storey drift; b) higher column shear demand.
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