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Abstract

Cross Laminated Timber (CLT) has been gaining more and more attention in research and professional
fields as a sustainable and promising construction system for mid- and high-rise structures. The need of
buildings higher than those usually built with CL'T has pushed the research towards the development of
innovative hybrid techniques in which steel framed structures incorporate CLT shear walls. This concept
may be potentially extended to existing RC framed buildings, where infilled CLT shear walls may
constitute the base of an integrated seismic and energy retrofit. In order to investigate this potentiality,
this paper presents a preliminary experimental and numerical study focused on the mechanical behaviour
of CLT panels used as bracing system. In particular, diagonal compression tests on 3-ply panels have
been carried out, also by reproducing a direct load transmission from the RC frame to the CLT infill. A
comparison with the results of similar tests on CLT panels (with different number of layers and thickness)
and with unstrengthened and strengthened masonry infill walls has been also provided. In addition,
numerical simulations have been carried out, in order to evaluate the changes in a RC frame lateral
response when CLT infills are added. The results have proved that CLT infills may be used as
strengthening solution, allowing RC frame to reach higher lateral stiffness and peak load values respect
to masonry infills.

Keywords

Cross laminated timber, CLT, Infill wall, Integrated solution, Seismic retrofit, RC frame, Diagonal
compression test, Diagonal strut, Push-over, FEM

1 Introduction

In Europe, 40% of the existing building stock consists of multi-story reinforced concrete (RC) framed
structures built when an efficient regulatory framework for the structural and energy building design was
still lacking [1-5]. Today, these buildings are liable for 36% of the total energy consumption and CO2
emissions throughout their life cycle [1] and are responsible of losses in case of seismic events (especially
in terms of casualties and reconstruction costs [6—8]). A structural and energy renovation process of these
buildings is then strongly needed to foster an effective transition towards a more sustainable and resilient
society [1,6,8].

Common structural and energy retrofit interventions are generally carried out separately and in an un-
coordinated way. Integrated approaches, aimed at contemporarily solving all building deficiencies with a
unique solution, are considered more sustainable and more cost-effective than common interventions
[7,9-11], allowing to minimize waste production, temporary building downtime [12], on-site work
embodied energy (i.e. installation times, quantity of the employed materials, labor and on-site work
duration time and costs) and negative interactions between structural and energy upgrading systems [7,8].
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This notwithstanding, only few integrated retrofit solutions have been developed in the research field,
mainly based on a “double skin” approach. In [13], for example, a new external infilled RC frame is
connected to the existing one to improve the seismic and thermal performance of existing RC buildings
(Fig. 1a). In [14], a dissipative steel facade with structural and energy functions is studied (Fig. 1b). In [7],
a “double-skin” with steel shear walls is applied to an existing RC structure (Fig. 1c).

Cross Laminated Timber (CLT), a sustainable solid wood-based construction material characterized
by low mass, high stiffness, good seismic behaviour and good thermal properties [15], has been also
considered for its use in integrated retrofit solutions [16,17]. For example, in [16] CLT panels coupled
with an aerogel insulation have been used as external shear walls for the seismic retrofit of an existing
RC framed structure (Fig. 1d). A similar integrated solution is proposed in [17]. However, these works
are still at a first stage and more accurate investigations on the potentiality of this material for its use in
integrated retrofit are still needed.

The possibility of adding CLT infills in framed structures has been recently investigated for new steel-
timber hybrid structures (see e.g. [18]). However, at the authors’ knowledge, there are no studies related
to the possible use of infilled CLT shear walls for the seismic retrofit of existing RC buildings. For
example, several works focused on the mechanical performances of CLT panels (see e.g. [19], [20] and
[21]), but few papers examined the in-plane behaviour of CLT panels under a combined stress state, as
may occur in infill walls (see e.g. [22] and [23]).

Our research group is developing a novel integrated retrofit solution based on the use of CLT shear
walls encased as infill in existing RC framed structures (Fig. 2a). This retrofit intervention has the main
purpose of increasing the overall lateral stiffness of the structure and, consequently, reducing the lateral
drift values, as demanded by different structural seismic codes. An energy efficiency upgrading can be
also obtained by adding an external insulation layer directly connected to the CLT panels or leaving a
vented air gap (see e.g. Fig. 2b).

The aims of the present work are: (i) to preliminary investigate, through experimental and numerical
studies, the elastic and post-elastic in-plane shear behavior of CLT panels when subject to a combined
stress state; (i) to evaluate the change in the lateral response of a RC frame when CLT shear walls are
added. In particular, since in-plane lateral shear tests cannot be performed without involving the steel
connections contribution [15], diagonal compression tests on CLT panels have been carried out. A direct
load transmission from the RC frame to the CLT infill and also its confinement effect has been also
reproduced by using rigid metal shoes (Fig. 3). Moreover, numerical simulations of a CLT panel subject
to diagonal compression and of a reference RC frame infilled with a CLT shear wall have been performed.
This campaign represents the initial stage of a wider research program on the post-elastic behaviour of
CLT infills [24].

a

Fig. 1. a) External infilled RC frame connected to an existing RC buildings to improve the seismic and thermal performance [13]; b)
dissipative steel facade with structural and energy functions [14]; ¢) “double-skin” with steel shear walls applied to an existing RC structure
[7]; d) external CLT shear walls.



Fig. 2. a) An example of building layout with CLT infilled shear walls; b) An example of CLT infill panel with a hooked external skin

(ventilated facade) for the integrated seismic and energy retrofit.
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Fig. 3. Interaction between the CLT infill wall and the RC frame under seismic actions.
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2 Phases, materials and methods

2.1 Phases
The present work is divided into three main phases:

e in the first phase, diagonal compression tests are carried out on CLT panels, even by adopting
metal shoes to reproduce a direct load transmission from RC frame to CLT panel;

e in the second phase, a numerical simulation is carried out to identify the stress state acting in the
CLT subject to diagonal compression at the end of the linear elastic phase;

e in the third phase, a numerical investigation is aimed at assessing the changes in the lateral
response of a one-storey one-bay RC frame due to the insertion of a CLT infill panel.

2.2 Materials

CLT panels are solid wood elements consisting of three, five or seven stacked crosswise (typically 90
degrees) layers of softwood boards, bonded together with structural adhesive [25]. Due to their
composition, these panels are able to transfer loads in all directions and are generally used as vertical
load-carrying plates or horizontal slabs [26]. In this study, 3-ply CLT panels made of red spruce C24-
class boards [27] and characterized by inner and outer layers thicknesses of 40 and 30 mm, respectively,
have been adopted. All board faces are bonded with a polyurethane (PUR) adhesive. In Table 1, the
relevant mechanical characteristics of the adopted boards have been reported, according to the
manufacturer technical sheets [28].



Table 1. Mechanical characteristics of adopted red spruce C24 boatds according to [28]. Ey,, and Eg,,: mean values of the parallel-to-grain
and perpendicular-to-grain moduli of elasticity; G,: mean shear modulus; f;o¢ and f; 0, characteristic values of the parallel-to-grain and
perpendicular-to-grain tensile strength; fi0¢ and f 9 characteristic values of the parallel-to-grain and perpendicular-to-grain compressive
strength; 0006 and f, 0000, characteristic shear strength parallel-to-the-grain and perpendicular-to-the-grain (rolling shear strength) of the
boards.

E(),,,, (MPa) Ey(}),,, (MPa) G,,, (MPa) ff,(),/é (MPa) ff,y(),/e (MPa) ]2 0,k (MPa) ]2 90,k (MPa) ﬁ,()y(),k (MPa) ﬁ, 9090,k (MPa)
11600 370 690 14 0.12 21 2.5 4.0 0.8

2.3 Diagonal compression tests

Since reference standards for testing CLT panels under diagonal compression are lacking (see e.g. [25,26]),
a testing procedure specifically developed for masonry walls [29] have been used and adapted to the
specific case, even by considering the procedures adopted in similar works [22,30]. In particular, 4 CLT
unconfined panels with the overall dimensions indicated in Fig. 4a, namely DC1, DC2, DC3 and DCA4,
have been tested with the experimental set-up shown in Fig. 4b. Then, in order to reproduce a direct load
transmission from the RC frame to CLT infill, due to a hypothetical perfect bonding, and the consequent
confinement effect, 2 additional panels, namely DC5 and DC6, have been tested by applying two
oversized metal shoes on their upper and lower surfaces, as indicated in Fig. 4c. The perfect bonding
with the RC frame, and the consequent load direct transmission, are simulated by means of connecting
steel screws (see Fig. 4b).

Before testing, teflon strips have been inserted between plates and CLT panels in order to reduce the
friction with the metal plates. The deformations have been measured by using 2 vertical and 2 horizontal
Linear Variable Displacement Transducers (LVDT) placed on the panels lateral faces (see Fig. 4).
Another LVDT has been placed on the upper face of the panel in order to measure the absolute vertical
displacement. Finally, a load cell has been used to measure the applied load during tests.



Fig. 4. a) Dimensions in millimeters of the panels used for the diagonal compression test and LVDT placement; b) dimensions in millimeters
of the metal shoes used for the confined cases and LVDT placement; c) experimental set-up for the diagonal compression tests on
unconfined panels; d) experimental set-up for the diagonal compression tests on confined panels.

Several analytical formulations can be used to define the internal in-plane stresses in a multi-layer
material [31-34]. In this work, the analytical model proposed in [31], based on translational equilibrium
equations of a representative volume sub-element (RVSE), has been adopted. Accordingly, the shear
stress in the external layers Ty,,, the shear stress in the middle layer 7,,, and the internal torsional stress

T, of a 3-ply CLT panel can be evaluated through the following equations (Fig. 5):

_ Fnax
Txy - a(t1+t3) (l)
F
e = 22 @
T, = 3% 3)

where F)..is the maximum load achieved during the diagonal compression test, « is the length of the
panel, # and # the thickness of the external layers, # the thickness of the internal layer and » the width
of the boards.



Fig. 5. Internal stress pattern in a three-layers CLT element (adapted from [22]).

Then, the mean shear stress vs shear strain curves can be obtained by referring to the core zone of
the panel. This latter is defined in [35] as a square zone located at the panel center of the panel with a
diagonal length equal to 0.4z and characterized by a high compression stresses (see Fig. 6a). Considering
a linear elastic isotropic and homogeneous material, the shear strain y in the core zone can be evaluated
as [22]:

24v
Y= )
where Av is the average variation of the core diagonal lengths measured on both side of the panel (see
Fig. 6b).
Similarly, the mean shear stress inside the panel can be evaluated as:
___ F
= ®

where F is the applied load and A is the cross-sectional area of the panel, computed as A = t - a being #
the total thickness of the panel (i.e. 7=#,+%+#) and a its side length. From this relationship, the Ty, 4, can
be computed as Tyaxy = Fnax / (V2 - A), whete F,,,. is the maximum load achieved. According to [22],
the value of the average shear stress in the core zone of the panel can be evaluated as:
Teore = 1.429T (0)
while the maximum value of Tp4pe can be computed as Teore max = 1.429T 44

Finally, the shear modulus of each CLT panel (G,,) can be determined by means of a regression
analysis on the linear branch of the stress-strain curve between 0.1 and 0.4F,,.. [36].
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Fig. 6. a) Deformations of the panel; b) deformation of the core zone.

2.4 Numerical analyses of the diagonal compression test

In order to investigate the stress state acting in the panels during the experimental test, a numerical
analysis has been carried out by using the software Midas FEA 2016 v1.1 [37]. To this aim, the CLT has
been numerically modelled as a linear elastic, orthotropic and homogenized material by using 3799 eight-
node quadrilateral isoparametric plane-stress elements (10x10mm). The mechanical properties of the
homogenized CLT material, reported in Table 2, have been directly estimated from timber mechanical
properties (Table 1) by adopting the simple homogenization approach proposed in [34], as usually made
in literature (see e.g. [38,39]).

According to the experimental procedure, the panel has been assumed to be fixed at the base and an
imposed vertical displacement has been applied on the upper side. In the confined case, the metal shoes
have been also modeled, also assuming a perfect bonding with the CLT.

The analysis has been ended when the total reaction force obtained at the fixed base matched the
experimental mean force value corresponding to the end of the linear elastic phase obtained from
diagonal tests. In this way, the stress state acting on the panel just before the occurrence of first cracks
have been numerically evaluated.

Table 2. Mechanical properties of the homogenized orthotropic plane stress CLT material [34]. E. and E,: elastic moduli parallel-to-the-
grain and perpendicular-to-the-grain of the external boards, respectively; G, shear modulus; f; , and f; ,: tensile and compressive strength

parallel-to-the-grain of the external boards, respectively; f;, and f¢ ,: tensile and compressive strength perpendicular-to-the-grain of the
external boards, respectively.

ExMPa) E,MP2)  GyMPy)  fiwMP2)  ji,y MP2)  fix MPa)  fiy (MPa)
7108 4862 690 838 5.87 12.87 8.8

2.5 Numerical analysis on RC frame infilled with CLT panels

In order to investigate the change in the RC frame in-plane lateral response due to the insertions of CLT
infills, a numerical study on a full scale one-storey one-bay RC frame is carried out by using the FEM
software Midas FEA 2016 v1.1 [37]. A RC bare frame from literature have been adopted at this aim
[40,41] (Fig. 7).

According to a meso-modelling approach (see e.g. [24] and [40]), eight-node quadrilateral
isoparametric plane stress elements (50x50mm) have been used for both the RC frame and the CLT infill.
The CLT infill has been modeled as an elastic orthotropic material (see Sect. 2.4); concrete and steel
rebars have been modeled by adopting a smeared total strain rotating crack approach and embedded
reinforcements (perfectly bonded to the surrounding finite elements), respectively. In particular, for the
concrete, a parabolic behaviour in compression and an exponential law in tension have been adopted
[42,43], with a crack bandwidth assumed equal to the side length of a representative quadrilateral element.
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The reduction of the compressive strength due to the lateral cracking [42] and the increase of compressive
strength due to the lateral confinement [44] have been also taken into account. For steel rebars, a bilinear
stress-strain curve and the Von Mises criterion have been assumed in uniaxial tension. The material
property values used in the analysis are reported in Table 3, estimated from available experimental data,
standard prescriptions [43,45] and a model calibration (see [24] for further details). The analysis has been
ended when the stress values acting in the CLT panels exceeded the strength values reported in Table 2,
since these are often used in literature to check timber cracking during seismic analyses (see e.g. [38]).
Both CLT infill and RC frame have been fixed at their bases, and a perfectly bonding has been
assumed at the interfaces between CLT panel and RC frame, reproducing the presence of strong
connections. The same experimental loading condition adopted in [41] for the bare frame has been
reproduced by using a phased analysis. In the first phase, a vertical constant load of 400kN has been
applied at the top of each column and no gravity loads transmission between RC frame and CLT infill
have been allowed, as in a real retrofit scenario. In the second phase, an incremental horizontal
monotonic displacement has been imposed to the beam, until reaching the CLT infill stress limits.

Table 3. Material properties of concrete and steel reinforcements adopted in the modelling after calibration.

Concrete properties Columns Beam References

Young modulus (MPa) 15000 15000 From model calibration
Poisson’s ratio 0.20 0.20 CEB FIP 2010 [43]

Density (kg/mb3) 2500 2500 CEB FIP 2010 [43]

Tension strength (f,) (MPa) 2.307 2.671 Eurocode 2 [45]

Tension fracture energy (GF) (N/mm) 0.0939 0.0967 CEB FIP 2010 [43]
Compression strength (f,) (MPa) 29.32 34.56 From experimental data [41]
Compression fracture energy (N/mm) 23.48 24.18 CEB FIP 2010 [43]

Steel properties Longitudinal Transversal References

Young modulus (MPa) 210000 210000 Eurocode 2 [45]

Poisson ratio 0.30 0.30 Eurocode 3 [46]

Yield strength (MPa) 558 558 From experimental data [41]
Ultimate strength (MPa) 649 649 From experimental data [41]
Ultimate strain 0.023 0.023 Eurocode 2 [45]

Fig. 7. Geometrical dimensions and detailing of the adopted RC bare frame (from [41]).
3 Results

3.1 Diagonal compression tests

In this section, the results of diagonal compression tests are reported. The obtained load/displacement
curves and the mean core shear stress Toore Vs shear strain p curves are plotted in Fig. 8a and b,
respectively, showing a similar trend for all of the tested panels. In particular, a first linear branch is
obtained up to about 300 kN and 360 kN for the unconfined and confined panels, respectively, followed
by a small non-linear branch up to the maximum load F,. (or maximum shear stress Tcoremax) A
subsequent load drop with either a parabolic or straight shape has been then observed. In particular, a
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steady state in terms of residual strength (equal to about 0.7 F,.) and significant deformations
characterizes the post-elastic phase of the confined panels (Fig. 8a).

Concerning the damage pattern, the cracks can be related to the combination of three different failure
modes [23]: pure shear, characterized by the propagation of cracks transversely to the fiber within the
boards (Fig. 9a); rolling shear, characterized by cracks following the wood growth rings (Fig. 9b); boards
sliding, caused by the torsional mechanisms in the interfaces due to the lack of a sufficient adhesion
between boards (Fig. 9¢). In particular, for the unconfined panels, at F,.. combined mechanisms of pure
shear and board sliding (torsion) have taken place, initiated at the end of the linear phase by a locally
exceeded strength where the shear and tension perpendicular to the grain interacted. After reaching Fj gy,
a separation in correspondence of growth rings has occurred, while only the DC2 panel has shown a
failure of bond interfaces between layers (see e.g. Fig. 9d). Similar damage patterns have been observed
also in the confined cases. In particular, the metal shoes have mitigated but not avoided the main damages
caused by the sliding of the boards, which remains the most evident failure mode.

For each panel, Table 4 reports: the load obtained at the end of the linear phase F, (obtained from a
regression analysis); the maximum load F.., the core shear stresses computed at the end of the linear
branch T;yre,; the computed maximum core shear stress Teore max; the perpendicular-to-the-grain mean
shear stresses in the external and internal layers 7, and 7., respectively; the mean shear stress due to
torsion acting on the glued interfaces 7, and the shear modulus of the CLT panel G,

As expected, the main differences between confined and unconfined panels have been obtained in
terms of maximum applied loads and stiffnesses. For the unconfined panels, a mean stiffness value G,,
equal to 742 MPa has been obtained, which is slightly higher the expected shear stiffness value for the
adopted CLT material (i.e. 690 MPa, see Table 2). For the confined ones, a higher mean value equal to
978 MPa has been obtained (with an increase of 32% respect to the unconfined ones) due to metal shoes
that have varied the deformation state in the panel.

Similarly, the mean maximum forces .. of the unconfined and confined panels are equal to 349 kN
and 402 kN, respectively, with an average increase, passing from unconfined to confined case, of about
15%, due to the more uniform load distribution ensured by the metal shoes.

Force [kN]
©

'
=3
=3
Teore [MPa]

0 2 4 6 8 10 12 14 16 18 20 0.000 0.005 0.010 0.015 0.020 0.025 0.030
Displacement [mm] vI[-]

Unconfined ——Confined b Unconfined ——Confined

Fig. 8. 2) Load/displacement curves obtained from diagonal compression tests; b) mean core shear stress Toore VS shear strain y curves from
diagonal compression tests computed according to [22].



Fig. 9. Failure modes for both unconfined and confined CLT panels for a) pure shear failure mode; b) rolling shear failure mode and c) and
d) boatds sliding failure mode.

Table 4. Diagonal compression test results. Fz compressive load at the end of linear branch; F,,.: maximum compressive load; Tope : core
shear stresses computed at the end of the linear branch; T¢ppe max: maximum core shear stress; 7., and 7,,: maximum mean shear stresses
perpendicular to the grain in the external and internal layers, respectively; 7 maximum mean shear stress due to torsion acting on the glued
interfaces; Gy shear modulus of the CLT panel.

1y Fax Teorel  Tcoremax  To Dpx 7 Gy
CLTPneD g 6N Py (PG P (MP)  (MPY) (MPa)
Unconfined panels
DC1 294 353 4.67 5.61 9.25 13.88  8.33 808
DC2 359 359 570 5.70 9.40 1411 846 717
DC3 308 341 4.89 5.41 8.93 13.39  8.03 741
DC4 293 342 4.65 5.43 8.95 1343  8.06 702
Mean 314 349 498 553 9.13 13.70 822 742
Confined panels
DC5 322 390  5.11 6.19 1021 1532 9.19 978
DC6 404 413 642 6.56 10.82 1623 9.74 977
Mean 363 402 577 6.36 1052 1578 947 978

3.2 Numerical analyses of diagonal compression test

In this paragraph, the numerical results of the diagonal compression test are reported. Concerning
material properties, despite the slightly difference in terms of G,, values between the diagonal
compression tests (742 MPa, Table 2) and the analytical calculation (690 MPa, Table 4), in the following
only the results related to the experimental G, value have been reported (i.e. 742 MPa), since no
significant differences have been noted in numerical results.

In Fig. 10, a comparison in terms of vertical and horizontal mean strains between experimental and
numerical results is reported. As it can be seen, a good match between experimental and numerical results
has been obtained for both the unconfined (Fig. 10a) and confined (Fig. 10b) cases. Due to the elastic
assumption, the simulations have been ended when the total reaction force at the base of the model
reached the force corresponding to the end of the linear elastic phase, i.e. at I, (see Table 4).

The obtained maximum and minimum principal stresses at the ending step of the analysis are reported
in Fig. 11. As expected, the metal shoes have modified the stress state acting in the panel, lowering the
maximum values in tension and compression due to the more uniform load distribution. Anyway, in both
confined and unconfined cases, the highest principal tensile stress has been reached in the center of the
panel.

Since the experimental results highlighted that panel cracking was due to a combination of shear and
tension stresses perpendicular-to-the-grain (see Sect. 3.1), the tangential (z,,) and normal stresses parallel
and perpendicular to the grain of the external boards (. and g, respectively) have been deepen (Fig. 12).
As it can be seen from Fig. 12¢, for both the unconfined and confined cases a significant zone of the
panel is characterized by high shear stress values, mostly ranging from about 4.00 to 5.00 MPa. Focusing
on the stress state in the center, values of a., g, and 7, equal to -1.31, -1.37 and -4.59 MPa for the

10



unconfined panel, and equal to -1.37, -1.20 and -4.46 MPa for the confined one have been obtained.
These tangential stresses are very similar to the corresponding shear stresses for the unconfined panels
Tcore, (see Table 4), thus confirming the reliability of the analytical model. Moreover, they are also similar

to the characteristic shear strength parallel-to-the-grain of the boards (f,09., see Table 1).

500 500
Unconfined panel Confined panel
400 400 .
~ —~ /
g 300 i £ 300 1 ’
g % 8 K
S 200 ’ 3 200 E
= , - /
/ /
100 1 100 4
/ /
0 - - 0 : ‘
-1.0% 0.5% 0.0% 0.5% 1.0% -1.0% 0.5% 0.0% 0.5% 1.0%
Strain (%) Strain (%)

a

Exp. Vertical

= =Num. Vertical

Exp. Horizontal
——Num. Horizontal

b

Exp. Vertical
= =Num. Vertical

Exp. Horizontal
——Num. Horizontal

Fig. 10. Calibration results of the unconfined (a) and confined (b) CLT panels subjected to diagonal compression. Comparison between
experimental and numetical results in terms of load/strain curves (mean hotizontal and vertical strains measured in the LVDT gauge length).

Unconfined panel
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Confined panel
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P1, Nimm"2
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20 ELEMENT STRESS
P2, Nimm"2

0

C d P
Fig. 11. Maximum (a) and minimum (b) principal stresses for the unconfined panel and maximum (c) and minimum (d) principal stresses
for the confined panel at the end of the linear phase. The percentage of finite elements with stress values within the specific range is also

reported.

11



Unconfined panel

SXX , Nimm"2 SYY, Nimm?2
+5.27

2D ELEMENT STRESS
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Fig. 12. Stress values at the end of the linear phase. Unconfined panel: a) normal stress values parallel to the fibers of the external boards
(0); b) normal stress values perpendicular to the fibers of the external boards (g,); ¢) tangential stress values (). Confined panel: d)
normal stress values parallel to the fibers of the external boatds (6.); €) normal stress values perpendicular to the fibers of the external
boatds (g)); f) tangential stress values 7,,. The percentage of finite elements with stress value within the specific range is also reported.

3.3 Numerical analysis on RC frame infilled with CLT panels

In this section, the numerical results on the lateral response of a RC frame infilled with a CLT panel are
reported. For defining the end of the linear elastic phase of the CLT panel (and the consequent ending
point of the numerical simulation), a shear strength equal to 4.00 MPa have been conservatively adopted
(see Sect. 3.2), in addition to the strength parameters reported in Table 2. The corresponding drift is equal
to 0.46% (13.7 mm).

The maximum and minimum principal stresses for such drift are plotted in Fig. 13a and b, denoting
the formation of a diagonal compressive strut (from -3.71 to -6.00 MPa, see Fig. 13b). The values of a.,
0, and 7, and the damage pattern have been also reported in Fig. 13c, d, e and f. As it can be noticed,
while g, and g, are quite far from the corresponding strength values reported in Table 2 (Fig. 13c and d),
7, approaches the shear strength value in the central region of the panel (4.00 MPa). For this reason, the
analysis has been stopped at this drift value. At this point, the damage pattern (Fig. 13f) shows the same
damage evolution observed in the bare frame, where the first damage occurred in the columns [24].

The resulting pushover curve has been plotted in Fig. 14 and is compared with other experimental
and numerical curves related to the same RC frame with different infills [40]. Although the post-elastic
phase of the CLT panel has not been considered in this study, the numerical results have shown higher
stiffness and peak force values for the CLT infilled RC frame if compared to both the bare and other
common infilled frames. In particular, the CLT infill has allowed the RC frame reaching a global lateral
stiffness of 3555 kN /m, i.e. 7 times higher than that related to the two masonry infilled RC frames (about
515 kN/m). Similatly, a maximum force equal to 1619 kN has been obtained with the CLT infill, i.e.
about 4 times higher than that reached by the RC frame with the stronger masonry infill (i.e. about 440
kN with the Autoclaved Aerated Concrete masonry infill).
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Fig. 13. Results of the numerical analysis at 0.45% drift in terms of: a) maximum principal stresses; b) minimum principal stresses; ¢) normal
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Fig. 14. Comparison between experimental and numerical pushover curves related to different infill systems. AAC: Autoclaved Aerated
Concrete.

4 Discussion

The main experimental and numerical results obtained in this study are discussed and commented in this
section.
The experimental campaign has allowed to investigate the post-elastic behaviour of the CLT panel in
unconfined and confined condition. In particular, the load/displacement cutves have shown for all the
13



panels a linear elastic behaviour until a first brittle drop, with maximum loads obtained for the confined
case. The presence of the metal shoes, distributing the load, has reduced but not modified the damage
pattern of the panels.

In Table 5, the results obtained in this study in terms of maximum load, stiffness and shear stresses
are compared with the outcomes of other researches concerning the diagonal compression of unconfined
CLT panels made of C24 boards (i.e. the same strength class adopted in this study) [22,30]. The 3-ply
panels have shown a higher stiffness than 5-ply panels. This is likely due to the different number of
preferential fracture lines, which are less in the 3-ply panels. The absence of adhesive bonding in the
narrow faces of the boards (edge adhesive bonding in Table 5) for some of the 5-ply panels seems not to
have affected the stiffness of the panels. Concerning the mean shear stresses in the different layers, the
maximum shear stress perpendicular to the grain 7, in the internal layer at the maximum load of the
unconfined panel (13.70 MPa) is comparable to the strength values reported in literature, i.e. 12.80 MPa
[47]. Conversely, a higher shear stress equal to 15.78 MPa is reached for the confined panels, due to the
more uniform load distribution.

Since according to the ASTM E519 [29] the T,,q, corresponds to the diagonal shear strength of
masonry panels, in Table 6 a comparison in terms of Tp,q, between common masonry infill panels,
masonry infill panels strengthened with expanded steel plates and CLT infill panels is reported [48]. As
expected, the CLT panels with metal shoe have showed the highest value, with an increase of about 25%
respect to that obtained from the strengthened masonry panels (see Table 6). This is an important result
even by considering that in literature the expanded steel plates have led to an increase of about 26% of
the lateral strength and stiffness of an infilled RC frame [49,50].

Since the CLT panel is smaller than common infills, and that the metal shoe may have over-
emphasized the confinement effect provided by a RC frame, numerical simulations of the CLT panel
under diagonal compression have been carried out in order to investigate the acting stress state. At the
end of the linear phase, a maximum shear stress value equal to about 4.5 MPa and spread in the center
of the panel have been obtained for both the unconfined and confined case. This suggest that this value
could be assumed as representative of the cracking due to shear of the adopted panel, regardless the
presence and the size of eventual metal shoes. However, further studies are needed to confirm this
consideration by adopting different confining tests set-up and CLT panel characteristics.

Finally, the numerical simulations on the one-bay one-story RC frame have allowed to investigate the
stress state acting in the panel and the change in the lateral response of a RC frame when a CLT infilled
shear wall is added and perfect bonding between CLT panel and RC frame are present. The numerical
results have confirmed the experimental ones, since the CLT insertion have allowed to reach a 7 times
higher global lateral stiffness and 4 times higher maximum force than that related to different types
masonry infilled RC frames. In terms of displacement capacity, however, a useful comparison cannot be
made due to the linear elastic assumption made for the CLT material. Anyway, these results have
highlighted the high potentialities of CLT infill panels for the strengthening of infilled RC frames.
However, further experimental studies are needed considering different RC frames, CLT panels and
connections characteristics.

Table 5. Main dimensions of the panels and experimental shear stresses at failure. #: length of the CLT panel; #,: overall thickness of the
CLT panel; #, 7, 55, #4, #5 thicknesses of the layers of the panels; F),..: mean maximum load for diagonal compression; z,, and 7,.: mean shear

stresses perpendicular to the grain in the external and internal layers, respectively; 7. and 7+ mean shear stresses due to torsion acting on
the glued interfaces; G.,: mean shear modulus of the CLT panel.

ot # 2] b2] # 5 Edge Gy Foax Ty T Thext Thint

Ref. CLT panel
(mm) (mm) (mm) (mm) (mm) (mm) (mm) bonding (MPa)  (kN) (MPa)  (MPa)  (MPa)  (MPa)
[Present
3-ply 636 100 30 40 30 - - Yes 742 349 9.13 13.70 8.22
research)]
[Present 3-ply
636 100 30 40 30 - - Yes 978 402 10.52 15.78 9.47
research] (Confined)
[22] 3-ply 1000 90 30 30 30 - - Yes 730 390 6.56 13.12 5.90
[22] 5-ply 1000 130 29 21 29 21 29 Yes 536 503 5.84 12.10 5.08 2.54
[22] 5-ply 1000 135 27 27 27 27 27 No 545 425 5.30 7.95 5.37 2.68
[22] 5-ply 1000 144 34 21 34 21 34 No 549 529 5.24 12.72 3.56 1.78

14



[30] 5-ply 640 140 40 20 20 20 40 No 549 415 6.48 16.20 5.18 1.50

Table 6. Comparison in terms of Tp,q, between common masonty infills, masonry infills strengthened with expanded steel plates and CLT
infills tested under diagonal compression.

Infill wall Ref. Tinax (MPa)
Masonty infill (Confined) [48] 0.66
Masonty infill strengthened with expanded steel plates (Confined) [48] 0.62 - 3.54
3-ply CLT (Unconfined) [Present research] 3.88

3-ply CLT (Confined) [Present research] 4.46

5 Conclusions

This paper has presented the initial stage of a research campaign dedicated to investigate a novel
strengthening method for RC framed structures in which CLT panels are used as infilled shear walls.
Several monotonic diagonal compression tests have been carried out and post-elastic behaviour has been
surveyed. The use of metal shoes has been also considered in order to reproduce a direct load
transmission on the lateral sides of the panel. In addition, numerical simulations have been performed in
order to study the stress state acting in the panel during diagonal compression tests and to investigate the
change in the lateral response of a one-storey one-bay RC frame due to the insertion of a CLT infill.

From the diagonal tests, a brittle linear behaviour has been found for all the tested panels. As expected,
the highest maximum load and stiffness values have been obtained for the confined panels where a
residual strength of about 70% of the maximum load has been recorded. Concerning the damage pattern,
the presence of the metal shoes has mitigated but not avoided the damages caused by the sliding of the
boards. A comparison in terms of shear strength with strengthened masonry infill panels has been also
carried out, showing that CLT infills have the highest Ty, 4y, highlighting the potentiality of the CLT to
strengthen a RC frame.

Numerical results on a RC frame have been then carried out to confirm this result. The CLT infill
allowed RC frame reaching lower drift value and a higher peak load with respect to common masonry
infills. CLT has thus high potentialities for the strengthening of RC frames. However, a more accurate
investigation should be made to deepen the study of the confinement effect of the RC frame and by
considering different RC frames characteristics. More advanced solution sets and innovative integrated
techniques are being studied in an ongoing research. In particular, dissipative devices can be added to the
system, enabling lumping damage into few sacrificial elements.
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Highlights

Investigation on infilled CLT shear walls for the seismic retrofit of RC frames
Diagonal compression tests showed a high shear strength of CLT panels
Numerical investigation on a CLT infilled RC frame were cartied out

CLT panels have high potentialities for the strengthening of infilled RC frames
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