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Abstract

Over the past decades, the seismic vulnerability assessment and strengthening of existing reinforced concrete buildings with
masonry infills have been topics of great interest for engineers worldwide. Often, such buildings have been designed disregarding
lateral loads and the influence of masonry infills on the local and global response, resulting in severe structural damage or collapses
in earthquakes. In the context of improving the seismic performance of old reinforced concrete framed buildings, this study draws
attention to a seismic retrofit scheme based on cross-laminated timber panels. The effectiveness of the proposed retrofit method
has been previously investigated by the authors through advanced numerical modelling. This paper presents the results from an
experimental campaign comprising a series of strength tests on materials (e.g., diagonal compression tests on wallettes) and
connections (e.g., timber-to-timber and timber-to-concrete connections) employed to realise the retrofit scheme in question. These
tests were carried out to improve the predictive accuracy of the numerical models in simulating the coupled behaviour of old
reinforced concrete elements, masonry infills, and retrofitting materials. The numerical models were further fine-tuned using data
from cyclic quasi-static tests on four full-scale single-bay, single-storey frames. The numerical analysis results appear promising,
showing that the proposed retrofit scheme considerably improves the seismic behaviour of reinforced concrete framed structures
and that the numerical models can simulate the effect of the retrofit interventions accurately.
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1. Introduction

Since the second half of the twentieth century, reinforced concrete (RC) framed structures have spread widely
around the world to become one of the most common building construction typologies. However, as Crowley et al.
(2021) reported, a large part of these buildings was designed and constructed before the introduction of modern seismic
codes; consequently, over the past decades, such structures have exhibited substandard earthquake performance,
resulting in significant social and economic losses.

Post-earthquake damage surveys have revealed several pathologies of past construction practices, including
inadequate transverse reinforcement, poor reinforcement detailing, irregular stiffness distribution, strong-beam-weak-
column and soft-storey mechanisms, all exhaustively discussed in studies like Sezen et al. (2003), Ricci et al. (2011),
Darmiel et al. (2022). According to Hashemi (2007), one of the most critical factors affecting the seismic vulnerability
of RC-framed buildings is the presence of masonry infill walls due to their interaction with the surrounding frame.
The local interaction between masonry infills and RC elements can result in considerable damage and undesirable
brittle failure of critical RC elements, such as the shear failure of columns, as reported by Verderame (2011) and
Gaetani d’Aragona (2018).

This study is part of a broader experimental and analytical research focusing on using a timber-based structural
intervention system for the seismic retrofitting of existing RC-framed structures with masonry infill walls. This retrofit
technique exploits the excellent structural performance of the cross-laminated timber (CLT) technology. It has been
previously introduced by Smiroldo et al. (2020-2021), who proposed the use of CLT panels in two alternative
configurations, termed RC-TP and RC-TPext. In RC-TP, a timber panel is inserted inside the RC frame by substituting
the masonry infill, while in RC-TPext, the CLT panel is applied externally to the RC frame without removing the
existing infills.

In this paper, the results from a series of mechanical characterisation tests on materials and components are used to
update numerical models generated to perform nonlinear static analyses for the assessment of the proposed seismic
retrofit configurations. The analysis results are compared with experimental force-displacement responses obtained
from cyclic quasi-static tests on (retrofitted and non-retrofitted) full-scale RC frames up to collapse conditions. A
detailed analysis of the data and in-depth discussion of the results from those experiments will be presented in the near
future.

2. Intervention strategies

This paper provides only a brief overview of the examined strengthening interventions; the reader is referred to
Smiroldo et al. (2020-2021) for a detailed description of the two timber-based retrofit schemes.
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Fig. 1. 3D illustration of the examined intervention schemes: (a) RC-TP; (b) RC-TPext.

The first examined retrofit configuration, termed RC-TP (i.e. Reinforced Concrete frame plus Timber Panels),
consists in using CLT panels as infill elements (Fig. 1a). The panels are connected to the existing RC frame through
a timber subframe. The connection between a CLT panel and the timber subframe is done with steel screws (T-Conns),
while the connection between the timber subframe and the RC frame is realised through steel bars and epoxy (RC-
Conns). In the second retrofit scheme, termed RC-TPext (Reinforced Concrete frame plus externally applied Timber
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Panels), the CLT panels are attached to the RC frame as externally bonded elements through connections realised with
threaded bars reinforced with epoxy; this type of connection is called T-Ext-Conn (Fig. 1b). The masonry infills can
be cut at their two vertical edges in a way to separate them from the RC columns and prevent the development of
additional shear forces to the RC frame resulting from the diagonal struts formed in the infills.

3. Experimental campaign

The experimental results reported in this paper are part of a broader testing campaign, including four full-scale RC
frames (i.e., one non-retrofitted/reference and three retrofitted frames) subjected to cyclic quasi-static in-plane loading
of increasing displacement amplitude up to collapse conditions. The reference RC frame included a double wythe
masonry infill wall: the internal wythe was made of solid clay bricks, while the external was built with hollow clay
blocks. Both masonry wythes were constructed with 10 mm thick mortared head- and bed-joints.

The tests presented here were performed for the mechanical characterisation of materials and connections employed
for the seismic retrofitting of the frames. The acquired data were used to update the numerical models developed by
Smiroldo et al. (2020-2021) to simulate the force-displacement response of the frames. The design of the RC frame
specimens (i.e. geometry and mechanical properties) was carried out in a way to simulate part of a typical RC building
from the 70s; for instance, a low-resistance concrete was employed like in Cristofaro et al. (2012).

3.1. Mechanical properties of materials

The compressive strength of the concrete (f¢) used to cast the RC frames was determined through both destructive
and non-destructive tests. Destructive compression tests on cores with different aspect ratios (4/d. equal to 1 or 2)
were carried out following the norms UNI EN 12504-1 (CEN 2021). Four cores were extracted from a set of
400x400x300 mm? concrete prisms, explicitly cast for sampling concrete. Eight additional samples were extracted
from undamaged portions of an RC-framed specimen at the end of the cyclic quasi-static loading tests. Non-destructive
rebound tests were performed on the RC prisms before the core sampling, following the standards UNI EN 12504-2
(CEN 2021). Also, tensile tests were performed on longitudinal steel bars and stirrups to estimate their yielding (fy)
and tensile (f;) strength according to UNI EN 15630-1 (CEN 2019).

Solid bricks and hollow blocks were subjected to compression tests to obtain their compressive strength (denoted
fs and fy, respectively), following the standard test procedures prescribed in UNI EN 772-1 (CEN 2015). Hollow
blocks were subjected to loading applied both parallel and perpendicular to the holes (although they were only laid
with the holes oriented horizontally in the infill walls of the full-scale experimental frames). None of the two types of
masonry units was tested in the dimensions delivered by the manufacturer; instead, they were cut in smaller prisms to
fit in the test apparatus. Specifically, solid bricks were cut to obtain eight 50 mm wide cubes, while hollow blocks
were cut perpendicular to the holes to obtain 16 smaller units (eight specimens for testing along each of the two
orthogonal directions, i.e., parallel and perpendicular to the holes). Twelve mortar prisms were subjected to three-
point bending and compression tests to estimate the flexural (fmor,r) and compressive (fmorc) strength of mortar (UNI
EN 1015-11; CEN 2019).

Table 1 summarises the average estimates of mechanical material properties obtained from the abovementioned
strength tests. Some properties (i.e., the concrete elastic modulus, E.; the masonry compressive strength, fins — fmw
and the masonry Young’s modulus, Fmns — Emw) were derived from formulas proposed by Eurocode 2 and Eurocode
6. Here, only the concrete elastic modulus deriving from f. > (i.e., the concrete compressive strength obtained from
core samples with A¢/d. = 2) is reported (Ecc2).
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Table 1. Summary of the mechanical properties of the employed materials.

Concrete [MPa] Steel reinforcement [MPa]
(estimates from (estimates from compression tests (estimates from tensile tests on (estimates from tensile tests on
rebound tests) on core samples; E. derived from longitudinal rebars) stirrups)

formulas proposed by EC2)
ho/d. =1 hJ/d. =2

f(‘:,r f(‘:,c,l f(‘:,c,Z Ec,c,Z ﬁ,y ﬁ,t El fs,y f;,t Es

15.0 10.9 10.0 22000 532 639 206000 562 637 199000

Masonry and components [MPa]

(from comp. tests (from comp. tests  (from comp. and (derived from formulas proposed (derived from formulas proposed

on solid bricks) on hollow bending tests on by EC6; strong masonry wythe, i.e. by EC6; weak masonry wythe, i.e.
blocks) mortar prisms) made of solid clay bricks) made of hollow clay blocks)

f;b ﬁlb,v ﬁ]b,h fmor,f fmor,c fm,s Em,s ﬁn,w Em,w

29.9 7.1 4.0 2.1 6.4 10.4 10400 1.6 1600

3.2. Diagonal compression tests on masonry wallettes

The in-plane shear strength (znm) of the strong masonry wythe, i.e., the one made of solid clay bricks, was determined
through destructive diagonal compression tests on four assemblies of this masonry type. The contribution of the weak
wythe (made of hollow blocks) to the in-plane load resistance of the experimental RC frames was considered
negligible; as such, no tests on this type of masonry were performed.

Three square 1200 mm wide and 120 mm thick masonry panels (labelled M1, M2 and M3) were subjected to
diagonal compression according to the standards for material testing ASTM E519/E519M (ASTM 2020), adopting
the experimental setup shown in Fig. 2. A fourth masonry specimen of the same dimensions (labelled M4) was tested
in diagonal compression under additional uniform compression perpendicular to the bed-joints to simulate the loading
conditions in the experimental full-scale RC frames. This extra compression was equal to approximately 0.16 kN/m
and was applied by means of two pairs of pre-tensioned threaded steel bars. In all cases, the diagonal compressive
load was applied through a hydraulic jack. The deformation field of each specimen was monitored by two pairs of
displacement transducers mounted along the diagonals on both faces of the wallette. Fig. 3 shows the cyclic force-
displacement curves (i.e. applied compression load, P, versus absolute deformation, dcmean) for all four masonry
wallettes.
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Fig. 2. Diagonal compression tests on masonry wallettes: experimental setup and observed failure modes in specimens M1 and M4.

The three wall specimens tested under standard loading conditions (M1, M2 and M3) exhibited similar behaviour,
attaining a mean shear strength equal to 0.14 MPa and a mean ultimate displacement (corresponding to 0.80Pmax)
equal to 0.95 mm. Wallette M4, which was tested under uniform compression of 0.16 kN/m, attained maximum shear
strength of 0.25 MPa and ultimate displacement of 3.84 mm. In addition, wallette M4 exhibited remarkable
overstrength after the compression load had dropped to 0.80Pnax, reaching a new maximum displacement of 21.8 mm.
M1, M2 and M3 mainly exhibited diagonal cracks with shear sliding along the bed-joints, while M4 suffered diffused
damage, as shown in Fig. 2.
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Fig. 3. Diagonal compression tests on masonry wallettes: comparison of the load-displacement response curves.
3.3. Strength tests on timber-to-timber and timber-to-concrete connections

Strength tests were also performed to determine the mechanical properties and potential failure modes of the
various connections involved in the examined seismic retrofit schemes. Specifically, direct shear tests (alternatively
called push-out tests) were performed on the T-Conn connection of the retrofit configuration RC-TP (shown in Fig.
la), and on the T-Ext-Conn bond of the alternative solution, RC-TPext (Fig. 1b). Instead, the connection type RC-
Conn (Fig. 1a) was subjected to pull-out tests.

The load resistance and ultimate failure of T-Conn and T-Ext-Conn were explored by performing a series of push-
out tests according to the standards UNI EN 26891 (CEN 1991). The tests comprised three T-Conn specimens
(explicitly realised for these tests) and two T-Ext-Conn specimens (extracted from undamaged portions of a full-scale
RC frame specimen at the end of the cyclic quasi-static tests). Trial testing on a reference specimen was carried out to
define the test protocol (i.e., loading rate and unloading-reloading procedure) of the push-out tests. The experimental
setups adopted for the two types of tests are illustrated in Fig. 4, while Fig. 5 shows the test results.
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Fig. 4. Push-out tests: experimental setup for connection types (a) T-Conn, and (b) T-Ext-Conn.

In order to avoid brittle concrete cone failure in the RC-TP retrofit solution (i.e. extraction of the steel bars from
the RC members), the anchors RC-Conn should exhibit some overstrength with respect to the shear capacity of the T-
Conn bond. For this reason, Smiroldo et al. (2020) assumed a target overstrength factor equal to 1.3 and pull-out tests
were performed on four RC-Conns specimens to verify this overstrength. Specifically, threaded steel bars of diameter
12 mm were inserted by 15 cm into concrete elements taken from undamaged parts of an RC frame specimen; the
bond was reinforced with epoxy. Each anchor was subjected to force-controlled semi-cyclic loading of increasing
amplitude up to the ultimate extraction of the bar from the concrete block. The mean force causing extraction of a
single fastener was equal to 47.1 kN.
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Fig. 5. Push-out tests on connections T-Ext-Conns and T- Conns: comparison of the force-displacement response curves.

4. Numerical simulations

4.1. Modelling updates

The experimental data acquired in the mechanical characterisation tests outlined in previous sections were used to
update the mechanical parameters of the numerical models developed by Smiroldo et al. (2020-2021). A 2D
illustration of the numerical models is shown in Fig. 6. The most critical updates regarded the definition of the
nonlinear links simulating the connections RC-Conns, T-Conns and T-Ext-Conns (see Fig. 1). Specifically, the
response curves obtained from the push-out tests (shown in Fig. 5) were used as a reference to define new multilinear
shear force-displacement relationships for the springs simulating the connections. Instead, the mean anchor pull-out
strength estimated from the pull-out tests was set as a tensile force limit for the RC-Conns.

The data from the cyclic quasi-static tests on the full-scale frames were used to fine-tune further the stiffness and
strength degradation of the links from one loading cycle to the other, accounting for the combined effect of shear and
tensile forces. In the numerical model of the RC-TPext retrofit configuration, the masonry infill walls were simulated
through equivalent diagonal strut elements. The stiffness of the strut element representing the external masonry wythe
(i.e., the one not in contact with the RC columns) was reduced by 50% to account for the gap introduced between the
RC frame and the wall after cutting the vertical edges of the latter.

R .‘ BllGiE TR .w Diagonal strut

(Masonry wythes) | ,~
/
7

RC-TP RC-TPext
Fig. 6. 2D illustration of the numerical finite element models of the examined retrofit configurations.

4.2. Analysis results

Fig. 7 compares the capacity curves of the experimental frames predicted by the numerical FE models through
nonlinear pushover analysis with those obtained from the cyclic quasi-static tests performed in the laboratory. As one
can readily observe in Fig. 7, both strengthening interventions resulted in a significantly increased load-bearing
capacity with respect to the non-retrofitted masonry-infilled RC frame. Specifically, increases of 120% and 174%
were observed for the two frames that benefitted from the RC-TP retrofit scheme, while an increase of 108% was
observed in the case of the RC-TPext configuration.

The updated numerical models reproduced the overall experimental force-displacement responses with accuracy.
In particular, both in the experiments and the numerical analyses, the reference masonry-infilled frame showed column
shear failure due to the additional shear action transmitted by the masonry infill to the RC frame. Instead, the retrofitted
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frames showed a more ductile behaviour, provided by the progressive yielding/failure of the fasteners and the flexural
behaviour of the columns. The reason for which the experimental maximum displacement of specimen RC-TP-Conf.1
was significantly lower than that of RC-TP-Conf.2 is because tests on the first were interrupted due to excessive out-
of-plane deflections of the RC frame rather than reaching collapse conditions; until testing was stopped, the numerical
model adequately reproduced the experimental response. Overall, the updated numerical models predicted the lateral
load-bearing capacity of the retrofitted frames accurately.
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Fig. 7. Comparison between experimental results and predictions by the numerical models: MI, masonry infilled frame; RC-TP Conf.1,
retrofit configuration with a 57 mm thick CLT infill panel; RC-TP Conf.2, retrofit configuration with a 100 mm thick CLT infill panel; RC-
TPext, retrofit configuration with a 57 mm thick CLT panel employed as an externally bonded element.

4. Conclusions

This study investigates via numerical modelling the efficiency of two seismic retrofit solutions based on CLT
panels for the seismic strengthening of RC-framed structures. A series of cyclic quasi-static experiments on four full-
scale RC frames with construction details typical of the 70s were simulated numerically to predict the effects of the
proposed retrofit solutions on the lateral in-plane stiffness and strength. The experiments and numerical analyses
included tests on a non-retrofitted masonry-infilled frame (employed as a reference specimen) and three frames
retrofitted with CLT panels as infills or externally bonded retrofitting elements (i.e., retrofit interventions RC-TP and
RC-TPext).

This paper also presents the results from a parallel companion testing campaign aimed at determining the
mechanical characteristics of the materials employed for constructing and retrofitting the RC frame specimens. The
tests were carried out to acquire data for calibrating the numerical models. Strength tests were performed on samples
of steel and concrete used to construct the RC frames, as well as on mortar prisms, solid bricks, and hollow blocks
used to build the infill walls. In addition, four small masonry wallettes made of solid bricks were subjected to diagonal
compression tests to determine the mechanical properties (strength and stiffness) of the masonry. Finally, the capacity
of timber-to-timber and timber-to-concrete connections was determined through pull-out and push-out tests.

The results of these mechanical characterisation tests were used to fine-tune the numerical models previously
developed by the authors. The comparison between experimental observations from full-scale cyclic quasi-static tests
and numerical analysis results showed that the numerical models could adequately simulate the seismic response of
both non-retrofitted and retrofitted RC frames. Moreover, both numerical and experimental results showed significant
improvements in the lateral load-bearing capacity of the RC frames thanks to the proposed seismic retrofit solutions.
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