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Abstract

Hybrid multistory buildings are every day more common in the construction industry. However, there is little
understanding of the performance of the hybrid connections. In this research, the static and dynamic
response of cross-laminated timber (CLT) composites combined with reinforced concrete (RC), hollow steel
profiles and laminated strand lumber (LSL) has been investigated. In addition, the effects of posttensioning
stresses as well as distinct types of connectors such as nails, self-tapping screws and self-tapping dowels has
been accounted for. After experimental work, numerical modelling for simulating the static and dynamic
behavior for these hybrid connections was also investigated. Results indicate that such massive timber
composite connections behave reasonably similar to conventional timber connections, except in that inelastic
deformations may increase up to 200%. In addition, it has been found that existing hysteretic models like the
modified Stewart hysteretic model (MSTEW) fit for modelling purposes except that very asymmetric
hysteretic behavior can be found for timber-concrete hybrid connections.

Keywords
Hybrid connection, structural connection, composite connection, cross-laminated timber, wood, steel,
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1 INTRODUCTION

Cross-laminated timber (CLT) is a laminated composite typically produced by cross gluing 3, 5, 7 or 9 wooden plies
with thickness of about 30 mm each according to a [0/90/0/90]s scheme. This product is commonly produced in the form
of panels of about 1,2-3,5 m in width and 2,4-18 m in length, casting thus massive boards which are much thicker than
customary wooden composite boards such as plywood or oriented strand boards (OSB) (BlaRR & Sandhaas, 2017). Being
manufactured by widely spread softwoods like picea Abies or similar species, CLT yields to much stiffer and stronger
structures in comparison to conventional wooden constructions. Such enhanced mechanical performance has gained
considerable interest in the research community and construction industry because much stiffer and stronger buildings
can now be readily constructed (Ringhofer, A. et al., 2018). So far, up to 18-story height CLT buildings have been
accomplished (Connolly, T. et al., 2018), while projects and designs for taller buildings have also been reported (Foster,
R. M. et al., 2016).

Constructing mid- and especially high-rise timber buildings, still often requires the utilization of hybrid material
compositions, which mostly entails the combination of CLT with reinforced concrete (RC), steel or similar structural
materials (Foster, R. M. et al., 2016). Even when hybrid structures are of increasing popularity in the global construction
industry, material combinations are becoming especially important for CLT buildings in order to enhance lateral stiffness,
strength, ductility or energy dissipation among other characteristics (Moore, M., 2000). Among the pioneering medium-height
wooden hybrid buildings, the work of Moore in New Zealand is a good example of one of the most sought benefits of
early timber hybrid buildings, which consisted of achieving a substantial weight reduction on the slabs of a common
concrete building. The lightening of slabs was achieved by composing wooden diaphragms, with structural steel and RC
piles. Later, multiple hybrid combinations were proposed for timber buildings taller than six stories (Van De Kuilen et al.,
2011). One of the most popular combinations consists of setting the CLT as the wall and/or slab material, while using a
structural core made of steel trusses or concrete shear walls, which provides most of the lateral stiffness and strength of
the structure (Dunbar A. et al., 2014). Other remarkable applications entail the use of steel or concrete beams with
modern CLT slabs/walls (Aicher, S.etal., 2014), whereas other propose hybrid CLT-concrete slabs with concrete
thickening as jointing devices (Chapman, J. et al., 2012). In Japan, Koshihara, M. et al., (2013) proposed a concrete shear
wall system in the first story, while the second up to the fifth story are made of a hybrid timber-steel bracing system.

In order to use CLT in the aforementioned and future hybrid applications, it is of upmost importance to gather
comprehensive understanding of the mechanical behavior at the connections when jointing the different materials
(Hashemi, A.etal., 2018). Whether, the different materials are integrated at the component levels (hybrid
slab/diaphragms, hybrid beams, hybrid columns, hybrid diagonals, hybrid shear walls) and/or at the building system
levels (hybrid shear wall system, tube system, vertical mixed system), the connection behavior must be well understood
in order to take the advantages of each material. Such understating gains even more relevance when designing structures
under dynamic loads such as wind or earthquakes. The reason being that the connections can highly influence the
response of the overall structure, as they are the main responsibles of ensuring deformation compatibility between the
two materials (Hashemi, A. et al., 2016). In fact, widely spread international design methods require the definition of
monotonic and/or cyclic behavior for these joints not only in elastic, but inelastic range (Federal Emergency Management
Agency, 2000, 2009) and (European Committee for Standardization, 2009). However, the mechanical behavior of hybrid
connections for CLT structures under static and dynamic loads is rather unknown.

More precisely, there is multiple connection hardware available in the market that has been mainly designed to join
common CLT structures, i.e. non hybrid buildings, and eventually can be used as indirect connection devices for jointing
hybrid structures as well. The most typical hardware being common steel angle brackets, which are typically used to
connect CLT walls to CLT slabs, but they also can be applied to connect CLT walls onto concrete foundations (BlalR &
Sandhaas, 2017). This type of indirect jointing devices has been extensively investigated both experimentally (Schneider,
Jetal, 2014) and theoretically (Hummel, J., 2017), and therefore it has been used in several hybrid applications.
For instance, common steel angle brackets were used to connect CLT as lateral stiffening members of moment resisting
steel frames Dickof, C. (2013) and Kanazawa, K. et al. (2018) or energetic retrofit of masonry buildings (Kanazawa,
K. et al., 2018). The main reason to use indirect connection technologies being the lack of understanding of using direct
joints, as the later are customarily cheaper and faster. In Australia, Hassanieh, A. et al. (2016) tested the use of direct
connections with bolts and screws as direct connection method for CLT to steel beams for prefabricating timber flooring
systems. The investigation was focused on understanding the static behavior proposing a load-slip model based on non-linear
regression of the monotonic curve. In Italy, similar connections were tested in Loss, C. et al. (2016) including experiments
reversed cyclic experiments to comprehend the dynamic behavior of direct jointing. The objective of this study was to
assess hybrid steel-timber prefab modules as an efficient lightweight structure in seismic areas. From the two previous
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researches, it is concluded that direct jointing is of interest not only for constructing hybrid buildings but specially to
achieve more efficient and effective assemblies at prefabrication plants.

Apart from the general scarceness of research in the field of direct jointing, it is important to note that this type of
jointing devices may be often subjected to considerable post-tensioning stresses in tall wooden buildings, which
eventually might modify the mechanical response of the connections. In fact, the post-tensioning methods are everyday
more common to increase lateral stiffness, strength and ductility of walls, columns and beams of timber buildings, which
is achieved by using post-tensioned steel tendons according to Igbal, A. et al. (2015) and Wu et al. (2018). Under these
circumstances, the mechanical response of the connections can be substantially modified due to increasing compression
and thus friction forces at the shear plane of the connection, which is commonly referred as rope effect, as well as
modifications in the deformed shape of the connectors as it is observed in reinforced connections (BlaR & Sandhaas,
2017). Similar behavior has been found in connections of un-tensioned high-rise buildings simply because of large
gravitational loads at the first stories. Indeed, recent investigations proofed significant increases in strength, stiffness
and energy dissipation of components and the entire structure, which mainly has been attributed to the compression
forces and frictions at the connections (Guifiez, F. et al., 2019).

Therefore, this investigation comprises the determination of the monotonic and cyclic behavior of direct hybrid
connections when combining CLT with steel, concrete and laminated strand lumber (LSL). Although the latter material
has not yet been widely used for the construction of multistory timber buildings, its high homogeneity, large production
sizes and strong mechanical properties suggest that it also could fit such purpose (Aburto, V., 2014). This investigation
does not only cover distinct material combinations but also direct jointing devices such as nails, self-tapping screws and
steel self-tapping dowels. The variability in the connection devices is of interest because not only different fasteners are
needed for connecting different materials, but also multiple fasteners can be used for jointing each particular material
combination (Hassanieh, A. et al., 2016). This investigation is, however, restricted to mechanical connections because glued
and contact joints are not widely used for hybrid timber structures due to considerable brittleness which may be critical
under dynamic loading. In addition, posttensioning stresses were also considered for the investigated CLT-concrete
connection in order to elucidate the potential influence of axial loading on strength, stiffness and energy dissipation at the
connection level. The experimental results of the hybrid connections are compared against results obtained on
conventional connections (European Committee for Standardization, 2016a). Furthermore, the numerical modelling of
these connections is also accomplished, and the suitability of a monotonic and dynamic model is analyzed.

2 TEST PROGRAM

2.1 Materials and Methods

Three types of CLT hybrid joints were investigated in this research, including CLT-steel, CLT-LSL and CLT-RC
connections, being the latter tested both with (CLT-RCw) and without posttensioning stress (CLT-RCwo). The CLT was
produced by gluing Chilean Pinus radiata boards of 20x150 mm in cross section and C24 grading class according to
European Committee for Standardization (2016a) at the fabrication plant from Forestal Tricahue Ltda., Coronel, Chile.
The gluing was performed at both the edges and faces of the boards casting a 3-ply laminate of 60 mm in thickness.
The CLT density was 476 kg/m? in average and moisture content prior was 12%. According to previous studies, the
mechanical properties of this Chilean CLT is similar to common European CLT produced with C24 boards (Aburto, V.,
2014). The steel components consisted of A36 structural steel hollow section of 100x200 mm and 6 mm in thickness.
Two types of RC members were investigated. The first RC member measured 330x200 mm in cross section and used
concrete of average compression strength of 38,6 MPa at 28 days, being resistance measured by testing 3 samples
according to conventional cylinder compression procedure with the Chilean Standard NCH1037. The second RC member
was similar to the first, except that it was post-tensioned with two threated A36 steel bars of 16 mm in diameter, which
were posttensioned with a force of 54 kN via nut torque or turn-of-nut method (75.6 kN.mm). The compression force
was selected to simulate typical loading of shear wall studs in multistory timber buildings considering axial and
overturning effects. The LSL members measured 240x90 mm in cross-section with an average density of 650 kg/m?3, and
grading class 1.75E according to LP Building Products (2019), and were produced by LP Corporation at the plant of
Houlton, ME, USA.

Three different fasteners were considered as the mechanical connection devices. The first was a steel self-tapping
dowel WS of 7 mm in diameter and 233 mm in length, produced by Rothoblaas Srl., Cortaccia, Italy. These dowels are
capable to self-perforating thin steel plates, so they were used in the CLT-steel connection specimen (Figure 1(a)). Also,
for comparison purposes, the dowels were also tested in the CLT-LSL connections. Second, a common wood self-taping
screw TX30 of 7 mm in diameter and 320 mm in length produced by Rothoblaas Srl. was used for both the CLT-RC and

Latin American Journal of Solids and Structures, 2020, 17(4), e279 3/19



Static and dynamic performance of direct hybrid connections of cross-laminated timber with steel, Tulio Carrero et al.
concrete and laminated strand lumber composites

CLT-LSL connections. Third, an annular ring 40d nail of 5 mm in diameter and 127 mm in length produced by Simpson
Strong-Tie Company Inc., Pleasanton, CA, U.S.A., was used for the CLT-LSL connection, such that for this hybrid joint both
self-tapping screws (CLT-LSLs), nails (CLT-LSLn) and dowels (CLT-LSLd) were investigated, see Figure 1.

(a) CLT-Steel (b) CLT-RCwo (c) CLT-RCw

=1

(d) CLT-LSLs (e) CLT-LSLn (/) CLT-LSLd

(g) Self-tapping dowels

(h) Self-tapping screws

(i) Annular ring nails

Figure 1. Schematics and labelling of the tested connections and connecting devices including: (a) CLT-Steel connection with self-tapping
dowels; (b) CLT-RC connection with self-tapping screws and without posttensioning stress; (c) CLT-RC connection with self-tapping screws
and posttensioning stress; (d) CLT-LSL connection with self-tapping screws; (e) CLT-LSL connection with annular ring nails; (f) CLT-LSL
joint with dowels; (g) detail of self-tapping dowels; (h) detail of self-tapping screws; (i) detail of annular ring nails.

The design of the connections was accomplished considering the European Yield Model (EYM) of European
Committee for Standardization (2016b) by assuming that the CLT-LSL joint could be designed as normal wood-to-wood
connection, and both the CLT-steel and CLT-RC joints could be designed as wood-to-thick steel plate connections. More
specifically, the CLT-steel connection was designed assuming that the thick plate thickness was twice the hollow-section
thickness. In the case of CLT-RC, thick steel plate condition was considered because negligible deformation of fasteners
within concrete was assumed in comparison to the stiffness of the wood. The fastening spacing in the CLT was set
according to European Committee for Standardization (2005). The minimum required thicknesses of members were
verified to ensure ductile failure modes in all connections because this failure mode is preferred. All connections were
designed symmetrically to avoid eccentricities and consequent overturning moments during testing. Schematic view of
the connections’ and labelling are shown in Figure 1 along with the fasteners used.

The testing program consisted of the monotonic and cyclic testing of the connections according to the European
wooden connections testing protocol, EN 12512 (European Committee for Standardization, 2005). Except for the CLT-RC
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connections, for which only two cyclic tests were conducted, two monotonic and two cyclic tests were performed for
each connection configuration, comprising a total of 22 tests, 10 monotonic and 12 cyclic. According to EN 12512, the
monotonic testing must be performed by controlling a displacement rate of less than 0,2 mm/s until the ultimate
displacement (8,) is reached, which corresponds to either the connection failure displacement, the displacement when
capacity is reduced to 80% of the maximum measured force, or a maximum displacement of 30 mm. However, we let
the actuator to overcome the 30 mm restraint, because as discussed later, the ultimate displacements of this massive
hybrid connections can be much larger in comparison to common connections. Still, the monotonic testing time lapse
did not last more than 120 additional seconds in comparison to the conventional testing protocol, hence rate effects still
were assumed negligible. The definition of the yielding point, corresponding to the yielding displacement, 6,, and yielding
load, Fy, was established as the intersection between two lines. The first, whose slope determines the connection
stiffness, K, corresponds to the secant defined by the 10% and 40% force points respect to the maximum load. The second
line is the tangent to the monotonic curve, whose slope is 1/6 of the first line, see graphical description in the Figure 2(a).
Figure 2 shows experimental protocol and parameters’ identification protocol according to EN 12512 including:
(a) identification of parameters from the monotonic curve; (b) cyclic protocol scaling according to yielding displacement;
(c) determination of strength degradation according to the difference of the hysteretic capacities between the first and

third repetition; the results of the monotonic curve allow for defining the connection ductility as D=4, / 6y .

(a)

Fy -
0.4Fmax +—71
a
0.1Fmax 4/ |
Oy o]
(b)
5 .
82 g
s 2 N z &
+ - w o r -
o o
S o A A

Figure 2. Experimental protocol and parameters’ identification protocol according to EN 12512 including: (a) identification of
parameters from the monotonic curve; (b) cyclic protocol scaling according to yielding displacement; (c) determination of strength
degradation according to the difference of the hysteretic capacities between the first and third repetition.

The cyclic protocol was performed as stated in EN 12512, such that three repetitions of each displacement
amplitude were applied, while displacement amplitude was increasingly scaled according to monotonic yielding
displacement, see Figure 2(b). According to the resulting hysteresis curve, the EN 12512 states that strength degradation
corresponds to the absolute value of capacity drop, AF, between the first and third repetition both for tension and
compression (Figure 2(c)). The energy dissipation, Eg, is calculated as the area within the hysteresis curve, while the
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equivalent viscous damping can be obtained by equivalent linearization considering the potential energy (Ep) and Eq such
that:

Veq =Ed (ZHEP) (1)

In addition to the EN 12512 standard parameter identification protocol, the stiffness degradation, AK, shown in the
hysteresis curve was also determined. The quantification was analogous to the strength degradation, such that AK was
given by the slope difference between the stiffness secants of the first and third repetition, both for tension and
compression. The relative displacement at the shear planes was recorded by averaging the measurements of two LVDTs
whose displacement was constrained by small steel brackets located at the central member near to each shear plane.
In order to hold down the connections during tension cycles, a tension accessory consisting of bolts and steel profiles
was holding each side member. The testing was performed at an universal testing machine UE34300 UTM, Laryee
Technology Co.,Ltd., Beijing, China. The detail of the testing layout and tension accessories is shown in Figure 3.

»  Postension bar

Steel plates

LVDT - CLT-RCw specimen

Tension accesory #

Self-tapping Panel CLT

SCcrews

Figure 3. Mechanical testing of the connections according to EN 12512 including the layout for the CLT-RCwo connection along with
the tension accessories to hold down the side members during cyclic testing.

3 TEST RESULTS AND DISCUSSION

3.1 Monotonic tests

The measured load-slip curves of the CLT-Steel and CLT-LSL monotonic tests are shown in Figure 4. The CLT-RC
connections were tested only under reversed cyclic load in order to determine the potential effects of friction with and
without posttensioning forces. The load-slip curves presented in Figure 4 are the average of two monotonic tests, and
the load is the force per fastener and shear plane as defined in European Committee for Standardization (2016b).
For comparison purposes, a typical monotonic response of conventional nails in wood to wood connections (42x185mm
beams from pine) obtained in General Building Inspectorate Approval (2014) are also shown in the Figure 4. A summary
of the measured monotonic parameters of the hybrid connections is presented in Table 1. The cyclic protocol and
standard parameter identification protocol used in the monotonic test was performed as stated in EN 12512.
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—CLT-Steel
—CLT-LSLd
—CLT-LSLs
CLT-LSLn
Conventional 8d nailed connection

Load (kN)

0 T 1 | | | T T 1 1 |
0 10 20 30 40 50 60 70 80 90 100
Displacement (mm)
Figure 4. Monotonic load-slip curves of the hybrid connections and comparison with a conventional 8d nailed connection.
The results shown correspond to the capacity per fastener and shear plane.

One of the most remarkable results illustrated in Figure 4 is that all the fasteners used in the CLT hybrid connections
provided not only higher strength in comparison to conventional timber connections but also much larger inelastic
deformations. Maximum displacements of conventional wooden connections are commonly smaller than 30 mm, which
is the main reason for defining the maximum displacemente in the test to 30 mm and setting the actuator permisible
velocities in European Committee for Standardization (2005). For the tested connections however, the maximum
displacements were as large as 50-80 mm. Such larger inelastic displacements are atributed to the fact that the
connections were designed for ductile failing modes, in which the maximum displacement is mainy given by the ultimate
curvature of the fastener such that the longer fasteners required in the tested hybrid CLT connections allow for providing
much larger yielding displacements under similar ultimate curvatures. In this case, the self-reinforcing effect of the
transverse layers of the CLT reported by other authors (European Cooperation in Science & Technology, 2018) is assumed
not to greatly influence in enlarging maximum displacements because no brittle failures were observed in the CLT layers
located at the shear plane of the connections. Although predictable and highly ductile behavior was found for most of
the tested connections, brittle behavior was observed for the CLT-RC connections. The relevant failure modes observed
in the distinct connections are presented in Figure 5 to 8. Especially for the post-tensioned concrete connections, abrupt
failure loading at premature loading stages can be expected due to brittle shear failure of the concrete at the shear plane.

Figure 5. Ductile failure after fatigue of the dowels in the CLT-Steel connection.
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Figure 6. Ductile failure of the nails after fatigue in the CLT-LSLn connections.

The CLT-LSL joint allowed for assessing the effect of using different fasteners, as dowels, screws and nails were used
as connectors. Not surprisingly the screwed connection showed the smallest ultimate displacement and ductility because
the large withdrawal capacity do not allow for large flexural curvatures of the fastener prior to failure. Also, as expected,
the nailed connection provided the largest ultimate displacements and ductility because, oppositely to screws, the small
axial widrhawal capacity allowed for nailing axial extraction yielding to larger slips at the shear plane. The comparison of
the distinct connectors’ capacities is not deemed relevant because, as all the connections were designed to fail under
ductile modes, the capacity directly relates with the yielding moment of the connector, which in turn is just defined by
the yielding strength of the steel and the effective diameter of the connector. In terms of initial slip, as expected, the
dowelled connection showed certain looseness caused by the clearance holes of the predrilling in comparison to the
dowelled and nailed connections but still the stiffness of the dowelled connection was very high.

Figure 7. Brittle failure of the CLT-RCwo connection (without posttension bars). The failure was similar to the previous CLT-RCw but
not so abrupt which is evidenced by less visible damage at the shear plane in the concrete.

Latin American Journal of Solids and Structures, 2020, 17(4), e279 8/19



Static and dynamic performance of direct hybrid connections of cross-laminated timber with steel, Tulio Carrero et al.
concrete and laminated strand lumber composites

Figure 8. Brittle and premature failure of the self-tapping screws after fatigue at the CLT-LSLs connection.

The CLT-Steel connection allowed for an interesting comparison by using the same type of connector (steel self-drilling
dowels) in distinct materials as these connectors are exactly the same as those used in the CLT-LSLd connection. The main
observed difference between these two connections was the stiffness and ductility as both parameters were
approximately twice larger in the CLT-Steel connections. The reason is that the hollowed steel profile served as a fixed
end for the dowels increasing significantly the stiffness at the shear plane. This caused in turn a considerable reduction
of about 50% of the yielding displacements in the CLT-Steel connection, which however showed almost the same ultimate
displacements as the CLT-LSLd connetion thus yielding to a two-times-larger ductility for the steel connection. Actually,
the ductility achieved with the CLT-Steel connection was even larger than the nailed CLT-LSL connection.

Table 1. Summary of the monotonic performance of the hybrid connections

Parameter CLT-Steel CLT-LSLs CLT-LSLn CLT-LSLd
K (kN/mm) 2.30 0.76 0.86 1.13
Fy (kN) 5.3 7.6 3.0 4.2
6y (mm) 2.98 10.0 3.48 6.4
Fmax (kN) 8.20 9.0 6.22 7.32
6u (Mmm) 26.5 21.5 30 26.3
D (unitsless) 8.89 2.15 8.62 411

3.2 Cyclic performance

A comparison of the hysteresis envelopes, energy dissipation (ED), equivalent viscous damping, strength
degradation and stiffness degradation of the CLT-Steel, CLT-LSL and CLT-RC connections is shown in the Figure 9. Except
for the CLT-RC specimens, in where only one test per design was conducted (one for CLT-RCw and one for CLT-RCwo),
the curves of Figure 9 represent the average response of two cyclic tests. The full hysteretic curves of all the tests are
detailed in the Figure 10. Similarly to Section 3.1, all the results of this section are corresponding to the response of one
fastener and shear plane.

Latin American Journal of Solids and Structures, 2020, 17(4), e279 9/19



Static and dynamic performance of direct hybrid connections of cross-laminated timber with steel,

concrete and laminated strand lumber composites

15 — (a)
10— l
r
Vi
J.I"rr o ‘_.. =1
e 4§ - _
) [ L7
[ iy
-] o
— 07 /)
- B . — o /
-5 -/
10 = T T T T
40 30 20 10 0 10 20 30

Dusplacement{mm)

. (€)
5 —
=30
s
E
g 15 [ Ny
A 15— / /
7 . s
g f 1A
3 IANS Iy
- ~ = ]
- 10 s ,/"\\ {7
= ¥ ey ~ Sl S F
_-_._: ¢ \ \\3,, A \\ //“/
- _ - = g v )
% 5 = A ™ e - ~
= ~ T
0 T T T | |
2 3 1 5 [ 7 B Y 10 I 12

Number of cyeles

CLT-Steel

CLT-RCw
—CLT-RCwo
—CLT-LSLd
—CLT-LSLs

CLT-LSLn

Strength degradation (kN)

Tulio Carrero et al.

(i} ®)
\
I-' 1
230 — h
8 i
;,' 200 — .I
= |
S5 \
2 130 X
= ¥
=2 x
] i ( / \
S 00 - ~ A
s F, 1
& /
N
30— . = ’
e, -
0 === =T T T T T T T
1 - 4 5 & - El b ik 11 2 13
MNumber of cycles
d
100 S L
N
a0 — LN,
\X
w0 —| AN
\\
£ 70 N
;. 6l — - \ -
2 e
50—
&
7 40—
E .
2 30 T
*» N
20 " 3
\ '\
10 AN N
S -
0- T T T T T T T T T T T T
1 2 3 4 L 0 7 8 9 ] 11 2 13
Number of cyeles
)
10— { )
0 —
% —
T #
— . + N\
G - -4
5 ™ i
: g L < h
— L \ 1
-~ g \
| — = Ly
' . .'-
1 = -’/ - — - A ~ I
3 o Y .,
7 Y
2 —f-"/' i |
1 -
o T T T T T 1
1 2 3 4 3 [ 7 8 @ 10 11 12 13

Number of cveles

Figure 9. Comparison of the cyclic performance of the hybrid connections including; (a) hysteresis envelopes; (b) energy dissipation
per cycle; (c) equivalent viscous damping per cycle; (d) stiffness degradation per cycle; (e) strength degradation per cycle.

The envelope curves shown in the Figure 9(a) were obtained as the average of the absolute values of the load and
the displacement of the corresponding positive and negative envelope points for each cycle as stated in ASTM (2011).
Out of the Figure 9(a), two very interesting observations can be made. The first is that all the connections exhibited a
very high ductility under cyclic reverse loading - which is coherent with the monotonic response of Section 3.1, except
the reinforced concrete connections in which ductility was significantly smaller. Actually, note that the screws used in
the CLT-RC connections are the same as those of the CLT-LSLs connections, however the ductility of the later was over
3 times larger. The main reason for this decrease of ductility is that, under concrete, the screws experience virtually no
any withdrawal dislplacement thus greatly increasing the stresses due to very large axial forces at the connectors. Such
stress concentration is also accompanied by a shear stress concentration at the boundaries of the concrete, which
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triggers the brittle failure of the concrete at the shear plane resulting in the shear-off and so the brittle failure of the
fasteners; see the full details of the distinct failure modes in Appendix A. The second interesting fact is that for all the
connections the envelopes behaved relatively symetric for tension and compresion except for the reinforced concrete
connections, in which a dramatic assymetry was evidenced. Such assymetry is attributed to a substantial increase of
friction forcese at the shear plane (rope effect) which are greatly increased not only because the friction coefficient of
wood-to-concrete is larger, but especially because the self tapping screws were axialy restricted in the concrete yielding
to very large axial forces at the screws and so very large compression forces at the shear plane. This behaviour is
assymetric because friction only occurs in one direction of loading. Unexpectedly, the capacity of the postensioned
connection (CLT-RCw) was smaller than the un-postensioned connection (CLT-RCwo). Also, one may believe that the
postensioned connection would be stiffer than the unpostensioned due to increased compression at the shear plane due
to possion deformation but it was not the case. The reason that explains these phenomena is attributed to an abrupt
and premature failure of the concrete at the shear plane for the CLT-RCw connections, i.e. the posttensioning stressess
increased the local embedment stress near the connectors triggering premature abrupt failure modes of the concrete at
the shear plane and thus the shear-off of the screws (see Appendix A). Except for the aforementioned two remarkable
observations, the ductilities and stifnesses showed by the remaining connections (CLT-Steel and CLT-LSL) were as
anticipated by the monotonic experiments (Section 3.1).
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Figure 10. Full details of the cyclic hysteresis curves and corresponding numerical fit of each connection including: (a) CLT-Steel;
(b) CLT-RCw; (b) CLT-RCwo; (d) CLT-LSLd; (e) CLT-LSLs; (f) CLT-LSLn.
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The results of the energy dissipation per cycle shown in Figure 9(b) evidence that at early stages (first cycles) of
deformation, the CLT-RC and CLT-Steel connections dissipate about twice the energy of the remaining connections. This
enhanced dissipation capability at early stages is mainly due to much stiffer connections in comparison to wood-to-wood
connections. Also, it is interesting that the energy dissipation of the CLT-RC connections is relatively stable which indicates
that these connections showed less pinching (narrowing of the hysteretic curves) due to less loosening of the fasteners at
the shear plane. Another interesting fact is that the CLT-LSLs and CLT-LSLd, and especially the CLT-Steel connections, showed
a very large energy dissipation at large deformation cycles due to high deformation of the connectors. Similar behavior is
expected for the nailed CLT-LSL connections, but the lesser energy dissipation of these connections found in this
investigation is attributed because the design of these connections was less resistant and stiff in comparison with the other
fasteners. For all these connections however, the energy dissipation at high cycles is largely unstable due to very large
pinching (see the full hysteresis curves in the Figure 10). Figure 10 shows full details of the cyclic hysteresis curves and
corresponding numerical fit of each connection including: (a) CLT-Steel; (b) CLT-RC; (c) CLT-LSL.

The equivalent viscous damping, Figure 9(c), was relatively constant for all the tested connections. The most
important damping is that showed in between the yield and ultimate deformations because it is the most representative
to keep away brittle damage of structural wooden members during a seismic event. In that range of deformations, the
Equivalent Viscous Damping (EVD) calculated as stated in Equation 1 was about 8,1%, 7,3% and 8,4% for the CLT-Steel,
CLT-RC and CLT-LSL connections.

The stiffness degradation presented in the Figure 9(d) shows that in overall all connections suffered severe stiffness
degradation. Only the screwed CLT-LSL connection showed slightly slower degradation, but the stiffness degradation at
large amplitude cycles was as higher as for all the connections. The stiffness degradation of the posttensioned RC
connection seems lower, but this is because simply failed under premature loading, as the un-tensioned RC showed
higher stiffness degradation. Finally, the strength degradation was also very significant for all the connections, but
especially for the CLT-Steel connection, the degradation was very high as evidenced in the ‘peaky’ nature of the energy
dissipation curve shown in Figure 9(b). This is attributed to the fact that for this connection all the damage is concentrated
only in the side wooden members of the connection yielding to large capacity drops during load repetitions.

4 NUMERICAL MODELLING

Because the nature of the of the hysteresis curves of the tested hybrid connections was relatively similar to those of
conventional wood-to-wood connections, the modelling of the connections was performed with the modified Stewart
hysteretic model (MSTEW) proposed by Folz & Filiatrault (2002), which has demonstrated very accurate results for
modelling conventional timber connections in previous research, see e.g. Pang, W. et al. (2007) and Estrella, X. et al. (2020).
The MSTEW model consists of 10 modeling parameters, which phenomenologically capture the crushing of the wood and
yielding of the connectors occurring at the shear plane such that the nonlinear backbone envelope curve of the model is
represented by the following set of equations (see a graphical explanation of each parameter in the Figure 11):

F(6)=

sgn(é)x(Fo +rK, |5|)x[1 —exp(—K0|6| /F, )]

6118

F(6)=

sgn(8) xF, +r,K,[—sgn(5)x8, ]

6./ <l6] <] 2)
F(6)=

0

61> 6|
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Force [kN]

Io

Displacement [mm]

Figure 11. lllustration of the parameters used for modelling the hysteretic response of the modified Stewart model hysteretic model
(MSTEW) proposed by Folz & Filiatrault (2002), based on Estrella, X. et al. (2020).

As shown in the Figure 11, six stiffnesses are considered in the model during cyclic loading: (1) elastic stiffness, Ko;
(2) elasto-plastic stiffness with hardening during loading, Kori; (3) elasto-plastic stiffness with softening at advanced
deformations of loading, Korz; (4) unloading off stiffness rsKo; (5) reloading stiffness Kp; and (6) continued unloading
reduced stiffness rsKo. It is important to note that two different inelastic displacements 6, (maximum displacement prior
softening) and &¢ (failure displacement) are assumed being both related with the 8 parameter. Two important forces are
also assumed including Fo (force given by the intersection of the ordinate axis with the secant of the elastoplastic
stiffness) and F; (intersection between ordinate axis and reloading stiffness) being o a parameter that relates K, with Fo
and Ko, see further details in (Folz & Filiatrault, 2002).

In this research, the above model was assumed for all the connections and the corresponding 10-parameter
identification for each of the connections was obtained by nonlinear functional minimization procedures. More
specifically, the parameters were calibrated in order to minimize the cumulative energy error, which expresses the
summation of the areas within the hysteresis curve of each cycle and can be calculated as

|Eit _E/'m|
CEE =1t ™l (3)

E|

where CEE=cumulative energy error, and Ei: and Eim are the total energy dissipated up to the ith time step of the test
result and the model response, respectively. The resulting parameters along with corresponding fits of the cumulative
energy error are presented in the Table 2, whereas a comparison between the experimental versus numerical cumulative
energies is illustrated in the Figure 12. The full details of the comparison between experimental results and numerical
simulations for each hysteresis curve is presented in the Figure 10.

Table 2. MSTEW hysteretic modelling parameters.

Parameter CLT-Steel CLT-RCw CLT-RCwo CLT- LSLd CLT-LSLs CLT-LSLn
Ko (kN/mm) 2.31 4.68 5.30 0.99 0.39 0.66
rz (unitsless) 0.0033 1le-09 0.15 0.016 0.75 0.20
rz (unitsless) -0.085 -0.202 -2.072 -0.036 -0.684 -6.376
r3 (unitsless) 1.248 1.704 1.460 1.543 2.143 3.673
rq (unitsless) 0.010 0.012 0.017 0.031 0.030 0.081

Fo (kN) 6.7 11.6 2.2 5.8 2.2 4
F1(kN) 1.1 1.8 1.2 1.1 0.3 1.2
6, (mm) 16.1 9.2 8.1 19.9 17.6 16.2
a (unitsless) 0.95 0.94 0.84 1 0.86 0.8
8 (unitsless) 1.25 1.24 1.36 1.84 1.30 1.1
CEE (error fit, %) -3.54 39.58 55.98 3.02 17.79 7.64

Latin American Journal of Solids and Structures, 2020, 17(4), e279 13/19



Static and dynamic performance of direct hybrid connections of cross-laminated timber with steel, Tulio Carrero et al.
concrete and laminated strand lumber composites

600 —

—Data (CLT-Steel)
-- Model (CLT-Steel)

500 —

-mm)

£ 400 P Data (CLT-RCw)
% / Model (CLT-RCw)
2 300 — Data (CLT-RCwo)
e -- Model (CLT-RCwo)
& 200 | —Data (CLT-LSLd)

3 -- Model (CLT-LSLd)
g —Data (CLT-LSLs)

100 —

(

-- Model (CLT-LSLs)
Data (CLT-LSLn)
Model (CLT-LSLn)

0 2000 4000 6000 8000 10000 12000 14000 16000
Unit Time Step

Figure 12. Comparison of the cyclic performance of the hybrid connections cumulative energy dissipation.

From the results of the numerical model, it can be concluded that the MSTEW hysteretic model is adequate for
modelling these type of hybrid connections as the errors are below 10%. However, larger errors of about 15 to 20 % can
be expected for connections with high axial forces at the connectors (rope effect) due to the asymmetry of the hysteresis
curve such as in the case of using self-tapping screws. In these cases, the model always tends to overestimate the energy
dissipation, stiffness, capacity and ductility of the compressive quadrant because the calibration of most parameters is
performed according to the response of the first quadrant (tension). When using hybrid timber-reinforced concrete
connections such errors can be indeed much larger up to 55% and above - even when the fit of the tensile response may
seem almost perfect — due to a very large asymmetries caused by the rope effect.

5 CONCLUSIONS

This research accomplished the static and dynamic characterization and modelling of mechanical connections for
hybrid materials’ compositions that can be typically used in a range of mid and high-rise timber buildings, including
combinations of cross-laminated timber (CLT) with posttensioned and un-tensioned reinforced concrete (RC), hollow
structural steel profiles, and laminated strand lumber (LSL). More specifically, the research focused on direct jointing of
distinct materials via mechanical fasteners, which has not been widely investigated in comparison to indirect connection
technologies. The results indicated that these types of direct hybrid connections can be accurately designed using current
design practices for common timber connections, achieving the anticipated mechanical capacities and failure modes,
however, showing much larger inelastic displacements - of about 200% in comparison to conventional connections.
In addition, for the CLT-Steel connections, the elastic stiffness can duplicate the values of common timber-to-timber
connections using the same fasteners. These results suggest direct jointing of hybrid connections as an attractive
alternative for on-site construction of composite buildings, but especially for prefabricated composite assemblies at the
industry, because direct jointing is typically faster and cheaper than indirect jointing at prefabrication plants.
Furthermore, most of the studied connections are recommended not only for bearing static but also dynamic loads due
to high ductility along with high-energy dissipation capabilities and equivalent viscous damping. However, it is important
to note that reparation work can be needed at extreme loading events such as major earthquakes because large stress
and stiffness degradation was observed at large displacement amplitudes.

Although predictable and highly ductile behavior was found for most of the tested connections, brittle behavior was
observed for the CLT-RC connections. The relevant failure modes observed in the distinct connections. Especially for the
post-tensioned concrete connections, abrupt failure loading at premature loading stages can be expected due to brittle
shear failure of the concrete at the shear plane. Therefore, hybrid RC connections are only recommended for connections
not being subjected to large dynamic loads such as earthquake or wind loading. Another important aspect of hybrid RC
connection is that the dynamic response is highly dependent upon the load direction, which can be evidenced by the
asymmetry of the hysteretic response. The asymmetry is produced mainly because high friction at the shear plane occurs
only in the first direction of loading.

Existing hysteresis models such as the MSTEW model can be used to accurately predict the monotonic as well as
cyclic response of hybrid connections. Errors below 10% can be expected in general when reproducing the hysteresis
curve. However, larger errors can be expected for connections subjected to high axial loading of the fasteners because
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of the asymmetry produced by the frictional effects. Such inaccuracy due to asymmetry turned most evident for the RC
connections, for which the errors may be above 50%. This makes evident that future research is needed for enabling
existing hysteresis models to capture the asymmetric hysteretic behavior, which should be feasible but requires
definition of further hysteretic parameters.
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Appendix A

Tulio Carrero et al.

In this section, full details of the hybrid connections’ designs are presented, including: Figure 13, full detailling of
the CLT-Steel connection’s (CLT-Steel) design; Figure 14, full detailing of the CLT-LSL connection’s design with self-tapping
screws (CLT-LSLs). The components’ dimensions and fasteners’ spacing of the CLT-LSL joint with nails (CLT-LSLn) and
dowels (CLT-LSLd) are the same as the CLT-LSLs; Figure 15, full detailing of the posttensioned CLT-RC connection with
self-tapping screws (CLT-RCw). The details of the non-posttensioned CLT-RC joint with self-tapping screws (CLT-RCwo)
are the same as the CLT-RCw except that PVC tubes, posttension bars and reaction plates are not used.
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Figure 13. Full detailing of the CLT-Steel connection’s (CLT-Steel) design.
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Figure 14. Full detailing of the CLT-LSL connection’s design with self-tapping screws (CLT-LSLs). The components’ dimensions and

fasteners’ spacing of the CLT-LSL joint with nails (CLT-LSLn) and dowels (CLT-LSLd) are the same as the CLT-LSLs.

Latin American Journal of Solids and Structures, 2020, 17(4), e279

18/19



Static and dynamic performance of direct hybrid connections of cross-laminated timber with steel,

concrete and laminated strand lumber composites

PVC TUBES 6 STIRRUPS @10mm
FVL UBES ;
v TUBE L=970mm

@=25mm, L=560mm?Y\
! 450

|

Tulio Carrero et al.

450 POSTENSION BARS
- 7 9=16mm, L=660mm
2
! 400 —~ A,
S o & \]
o~ -
[85 ] 160 &5
- - =
| | =il | \\REACTION PLATE
L 2P T 4
P v 400x100x12mm
ESC
®— B5 . 160 8BS A | 330
. . R
(=
O
" R ¢
& ~ =
) ] ) 70
= i
__j —% o . | ’ ol o
4 i) E, o| ©
ud — T BT
O —
uw - F‘,___‘
o
o < L
‘ =
BT / =
2 =
uwy " [
—_ [, \
: ~ ~
L ~_Cr1r W6 _BARS #16mm
[ 45¢ 450x470x60mm L=500mm

=+

CLT-CONCRETE
ESC

Figure 15. Full detailing of the posttensioned CLT-RC connection with self-tapping screws (CLT-RCw). The details of the non-posttensioned
CLT-RC joint with self-tapping screws (CLT-RCwo) are the same as the CLT-RCw except that PVC tubes, posttension bars and reaction plates
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