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Behaviour and capacity of cross-laminated timber (CLT) infills built inside steel

frames have been given increasing research attention in recent years. It is widely

accepted that when the CLT wall panel is built in tight contact with the

bounding steel frame to participate in the load sharing, its inherently large

in-plane stiffness will attract additional forces to the frame area and change the

behaviour of the hybrid system. If not designed properly, the structural integrity

of both the infill and the frame will be compromised. It is thus crucial to

accurately evaluate the contribution of the infill CLT wall panel to the

stiffness and strength of the hybrid system. To that end, a finite element

study was performed to investigate the frame-wall interaction effect on the

behaviour of hybrid systems. The lateral stiffness, lateral load capacities and

hysteretic characteristics of the hybrid systems with frictional and connected

interfaces were investigated. The load-sharing effect between the CLT wall and

the steel frame was studied. The numerical results showed that the connected

models were very effective as the infill absorbed a substantial part of the lateral

load, during the initial stages of loading.
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1 Introduction

Traditionally, hybrid wall systems involve the use of reinforced concrete (RC) walls or

composite steel-concrete (CSC) walls to provide a lateral-load resisting system for

earthquake ground motions (Wallace and Wada, 2000). One example of CSC is the

composite steel frame with RC walls system (SRCW) (Hajjar, 2002), classified according

to the frame of Eurocode 8 as Type 1 composite structural system (European Commision,

2008). The main advantage of a code-designed SRCW system is that it has both higher

flexural resistance and stiffness in comparison to a conventional RC wall of the same

cross-sectional geometry (Fardis et al., 2005). These composite structures are also referred

to as infilled frames and have increased lateral stiffness than structures that have bare

frames. In the past six decades, extensive experimental and numerical research has been

conducted to understand the combined behaviour of infilled frames, but most of these
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FIGURE 1
Typical elements of a steel frame with CLT shear wall hybrid system, STSW.

FIGURE 2
STSW Hybrid System (A) Specimen configuration, (B) Finite element model.

TABLE 1 Specifications of STSW models.

FE-model Frame-infill interaction CLT layers Infill thickness

(No) tw, (mm)

HW1-3PLY81T Frictional—0.40 3 81

HW1-3PLY102T Frictional—0.40 3 102

HW1-5PLY120T Frictional—0.40 5 120

HW2-3PLY81T Fully connected 3 81

HW2-3PLY102T Fully connected 3 102

HW2-5PLY120T Fully connected 5 120
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scholars investigated the behaviour and capacity of masonry

infills built inside concrete or steel frames (Mehrabi et al.,

1996; Chen and Liu, 2016; Margiacchi et al., 2016; Repapis

and Zeris, 2019). Only a few researchers investigated the

response of steel frames connected with infill RC walls

(Makino et al., 1980; Saari et al., 2004; INNO-HYCO, 2015;

Vogiatzis and Avdelas, 2018; Pallarés et al., 2020).

Today, as the construction must comply with the

requirements of sustainable developments, timber has been

gaining increased popularity in both residential and non-

residential projects (Wang et al., 2015), as a renewable

building material with a low carbon footprint, environmental

friendliness, and easy assembly. Cross-laminated timber (CLT) is

a prefabricated multi-layered engineer wood product,

manufactured using at least three pieces of parallel boards by

gluing their surfaces together using adhesives (FPInnovations

Institute, 2013; Pečnik et al., 2021). Due to its cross-lamination

technique, this type exhibits substantially better dimensional

stability in comparison to solid wood, and offers high in-plane

stiffness and strength when placed as a vertical wall element in

mid-rise buildings (Carrero et al., 2021). CLT systems provide not

only a high level of prefabrication and flexibility in planning, which

reduces hence total cost of projects [FPInnovations (Institute),

2013]. Countries such as Japan have a long history of timber

buildings that can effectively resist earthquakes. More recently,

Canada, New Zealand, Italy and Greece have been developing

structural systems for either larger buildings or semi-open sports

facilities that can withstand earthquakes with minimal damage.

The CLT building material has opened new dimensions in

steel-timber hybrid systems and allows researchers to focus on

new solutions for structures with sustainable design

considerations. Moreover, the benefits of CLT-Steel hybrid

systems include more efficient use of materials and improved

seismic resistance. Increased efficiency can be obtained because

the strength, stiffness and weight of some materials can be

utilised where it is most beneficial within a building. Seismic

performance can similarly be enhanced by combining materials

to optimise ductility, strength, and stiffness, all of which

contribute to the dynamic structural behaviour of buildings

(Quintana Gallo and Carradine, 2018). The most popular

concepts of steel-timber hybrid systems are the steel frame

with CLT shear walls (Dickof et al., 2014; Tesfamariam et al.,

2014; Vogiatzis et al., 2019) and the timber frame with steel plate

shear walls, (Conrad and Phillips, 2019; Igbal et al., 2020), the

former concept is the focus of this work. Please note that in this as

well as the following sections, unless otherwise stated, the

abbreviation STSW refers to the concept of steel frame with

CLT shear walls, as shown in Figure 1.

One of the first works on hybrid systems composed of steel

frames and CLT shear walls was conducted by (Tesfamariam

et al., 2014). The results of this work showed that the peak inter-

story drift was less than two per cent for multistorey buildings. To

overcome this challenge, a hybrid system composed of steel

columns, timber beams, and oriented strand board panels

with good in-plane strength and ductility was proposed by

(Trutalli et al., 2017). Moreover, a hybrid wall system

consisting of a light-frame wood shear wall and steel frame

was tested by (He et al., 2014). The aforementioned tested

hybrid system was numerically investigated by (Li et al.,

2014), and further developed with a post-tensioned steel

frame and light frame wood shear wall by (Cui et al., 2020).

Recently, a hybrid system composed of steel frames with semi-

rigid connections and CLT shear walls was designed and

analyzed by the authors (Vogiatzis et al., 2019), although the

post-elastic phase was not considered in that work.

2 Methodology section

2.1 Design consideration

The STSW system considered for this research represents the

first two stories of a multi-story mixed building designed for

core-wall hybrid lateral load-resisting systems (Shahrooz et al.,

1996). The specimen geometry, material, and boundary

conditions reflected the physical model of the SRCW system

tested by (Tong et al., 2001), as an idealized representation (one-

third scale) of the bottom two stories of a six-story building,

although the frame and the infill were modeled with cross-

laminated timber shear walls and rigid connections,

respectively. The columns consist of W130X28 wide flange

TABLE 2 Mechanical properties of steel members used in the FE-
models.

Element Es fy fu εst εu

(GPa) (MPa) (MPa) (%) (%)

Frame columns 200 312 496 1.69 11

Frame beams 200 353.50 540 2.38 12

TABLE 3 Mechanical properties of timber members used in the FE models.

E0,m E90,m Gm ft,0,k ft,90,k fc,0,k fc,90,k fv,090,k fv,9090,k

(MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa)

11,600 370 690 14 0.12 21 2.5 4.0 0.8
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steel sections and the beams consist ofW200X19 wide flange steel

sections. The infill was assumed to transfer 100% of the seismic

story shear. The building was designed according to the NEHRP

provision, using an acceleration and velocity coefficient of

0.4 and a force reduction factor R, of 5.5, (larger than the

Eurocodes’ requirement for q due to overstrength) (Vogiatzis,

FIGURE 4
Behaviour of STSW specimens with frictional infill-frame interface (A) 3-ply (81 mm thick), (B) 3-ply (102mm thick), (C) 5-ply (120mm thick), (D)
Comparative diagram.

FIGURE 3
(A) Loading history, (B) Hysteretic curve of bare frame.
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2019). Figure 2A shows a schematic view of the STSW system

considered for this work. Table 1 summarises the FE models

developed in this study, while a list of abbreviations for different

parameters is also included.

There is a clear lack of studies exploring the wall–frame

interaction effect on the overall behaviour of STSW systems

under monotonic and cyclic loading conditions. Hence, in the

current, work numerous STSWmodels were developed as part of

a parametric study, that aims to understand the influence of the

wall–frame interaction effect on the response of STSW systems

under different loading conditions. The parametric study was

performed on a frame that had fixed-ended columns and rigid

beam-to-column connections, as shown in Figure 2A. The

dimensions of the STSW models are 2,184 mm (length) ×

2,540 mm (height), measured from center to center of the

steel sections. The beam and column dimensions are also

shown in Figure 2A. The steel parameters are listed in

Table 2. The STSW systems, had an infill CLT panel with

length set to 2,054 mm and a height set to 1,016 mm, by

using outside adhesion, between the infill CLT panels and the

boundary steel frame. The material properties of the CLT shear

wall under consideration are given in Table 3.

2.2 Finite element analysis

2.2.1 Finite element model
To accurately simulate the behaviour of the STSW system, all

the components of the specimen must be included in the

simulation. These components, shown in Figure 3A, are the

infill CLT panels and the boundary frame members (beams,

columns). Furthermore, the interaction between components is

critical. Both H-shaped steel frame and infill CLT wall are

modelled in ANSYS R1 (ANSYS Inc, 2019) with the twenty-

node structural brick element (SOLID186) as presented in

Figure 2B. This element has been commonly used for three-

dimensional finite element modelling of steel-timber hybrid

structures (Rahmzadeh and Iqbal, 2021). Specifications of the

analyzed models are shown in Table 1.

2.2.2 Steel material model
Multi-linear forms are usually used to define the steel stress-

strain relationship, giving acceptable results under monotonic

loading. However, Shi et al. (2011) showed that in the cases of

cyclic loading, it was difficult for their results to meet the

calculation accuracy. Therefore, the constitutive model

FIGURE 5
Behaviour of STSW specimens with connected infill-frame interface (A) 3-ply (81 mm thick), (B) 3-ply (102 mm thick), (C) 5-ply (120 mm thick),
(D) Comparative diagram.
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suggested by Chaboche (Chaboche, 1986; Chaboche, 1989) is

adopted which is parameterized in ANSYS R1 (ANSYS Inc,

2019). The material properties of each steel element were

adopted from (Vogiatzis et al., 2019) and are given in Table 2.

2.2.3 Timber material model
The complexity of the mechanical response of CLT origins in

the orthogonal grain direction and the overall anisotropy of wood

as a material. The elastic mechanical properties have different

values along the three principal axes. There is the grain (axial),

the circumferential and the radial directions. The stiffness and

strength in the axial direction have greater values than those in

the other two directions (Furtmüller et al., 2018). Regarding the

failure modes of timber, the three most common failure

mechanisms are: 1) failure occurring due to compression

parallel to grain (ductile failure mode), 2) failure occurring

due to compression perpendicular to the grain (ductile failure

mode), and 3) failure caused by shear parallel to the grain that it is

accompanied by tension perpendicular to the grain (brittle failure

mode) (Xu et al., 2014).

The theory of plasticity employs a set of constitutive

equations to describe the complex multiaxial stress state. This

is achieved by using three basic parameters: a yield criterion, a

flow rule and a hardening rule. To capture the material’s non-

linearity with accuracy, Hill’s yield criterion (Hill, 1948; Hill,

1998) has been selected to describe the anisotropic plastic

behaviour of the cross-laminated timber. The accuracy of

Hill’s model for capturing the non-linear behaviour and

failure mode of timber has been previously investigated by

(Xu et al., 2014; He et al., 2018; Vogiatzis et al., 2020).

The validity of Hill’s criterion, as implemented in ANSYS,

has been investigated for timber structural systems under cyclic

loading conditions by (Rahmzadeh and Iqbal, 2021). In that work

the form of the quadratic Hill yield criterion was presented as

shown in Eq. 1. Where the stresses σ ij are the normal yield

stresses according to the principal directions of anisotropy, and

the constants F, G, H, L, M and N, can be defined either

experimentally or by Eqs 2–5. More information on the

background of Hill’s criterion is given by (Imaoka, 2008).

F (σyy − σzz)2 + G (σzz − σxx)2 +H (σxx − σyy)2 + 2Lτ2yz

+ 2Mτ2zx + 2Nτ2xy (1)

F � 1
2
+⎛⎝ 1(σyyy)2 +

1(σyzz)2 −
1(σyxx)2⎞⎠ (2)

G � 1
2
+⎛⎝ 1(σyzz)2 +

1(σyxx)2 −
1(σyyy)2⎞⎠ (3)

H � 1
2
+⎛⎝ 1(σyxx)2 +

1(σyyy)2 −
1(σyzz)2⎞⎠ (4)

L � 1

2(τyyz)2 M � 1

2(τyzx)2 N � 1

2(τyxy)2 (5)

where σyij (i = j) are yield stresses in the principal axes of

anisotropy and τyij (i ≠ j) are yield stresses in shear

concerning the principal axis of anisotropy. Based on Hill’s

criterion, in the case of an anisotropy with three mutually

orthogonal planes of symmetry, yielding under a multiaxial

stress state occurs when Eq. 1 is equal to one. The matrix

must be positive-definite so that negative strain energy is

avoided. This thermodynamic requirement can be satisfied

using the following equations (Lempriere, 1968):

(1 − ]yzvzy), (1 − ]xzvzx), (1 − ]xyvyx) 〉 0 (6)
1 − ]xyvyx − ]yzvzy − 2]xyvyzvzx > 0 (7)

The values of the wood elastic properties, for both the

longitudinal and the transverse layers of the CLT have been

obtained from (Stazi et al., 2019), corresponding to red spruce

C24 boards. Table 3 summarises these parameters: parallel-to-

grain (E0,m) and perpendicular-to-grain (E90,m) moduli of

elasticity, shear moduli values (Gm), parallel-to-grain (ft,0,k)

and perpendicular-to-grain (ft,90,k) tensile strength values,

parallel-to-grain (fc,0,k) and perpendicular-to-grain (fc,90,k)

compressive strength values, parallel-to-grain (fv,090,k) and

perpendicular-to-grain (fv,9090,k) characteristic shear

strength values.

2.2.4 Contact modelling
The contact elements for the STSW models were simulated

with CONTA174 elements and target elements were modeled

with TARGE170. It was proven by (He et al., 2018) that the CLT

neighboring layers could be bonded in finite element model (He

et al., 2018), which could not affect the produced results. Hence,

the interaction at the interface of different layers of the CLT

assembly were simulated using paired surface-to-surface contact

elements (CONTA174 and TARGE170). This indicates that the

relative movement between two contacting surfaces was not

FIGURE 6
Actual response curve and equivalent idealized elastic-plastic
curve.
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permitted. Those interface elements were also used for the

contact along the perimeter between the steel boundary frame

members and the CLT shear wall. This contact surface, along the

interface of the steel sections and the CLT panel, was defined as a

frictional contact for the HW1 models and bonded for the

HW2 models. Coefficient of friction for all frictional contact

bodies was set at 0.4.

2.2.5 Boundary conditions, loading procedure
and validation

During the numerical analysis, lateral displacements are

applied to the upper flange of the top beam as shown in

Figure 2A. In the finite element model, the out-of-plane

degrees of freedom along the height of the beam centerline

were constrained to simulate the lateral support. All the

degrees of freedom for the bottom of the columns and the

lower flange of the ground beam were completely constrained

to simulate the fixed support. Firstly, the gravity loads are

applied. Secondly, the lateral displacement Δ is imposed to

simulate the monotonic or cyclic loading conditions. At the

first step of loading, the gravity loads were implemented and

kept constant throughout the subsequent step. Next step was to

apply cyclic loading, using displacement control mode, at the top

flange of the systems upper beam. The imposed cyclic loading

pattern is shown in Figure 3A, as it was modified according to

SAC protocol for testing of steel beam-column connections and

other steel elements (Tong et al., 2001).

The numerical model could not be validated against

experimental results since there is lack of available

experimental data of the same hybrid system in the

international literature. Therefore, the authors used as a guide

a numerical model of a similar hybrid system that they had built

in a recent study (Vogiatzis et al., 2020) which had been validated

using experimental data found in (Conrad and Phillips, 2019).

Material parameters and techniques used in that model were

employed in the current numerical simulation to ensure the

validity and accuracy of the model. Moreover, the validation of a

numerical model based on previous numerical simulations of

similar systems as a technique was also used within the

classification validation types conducted by (Archambeault

and Connor, 2008). To sum up, the numerical model used to

simulate the bare steel frame, as shown in Figure 3B, had been

FIGURE 7
Hysteretic and backbone curves of the specimens with frictional infill-frame interface (A) Comparative diagram, (B) 3-ply (81 mm thick),
(C) 3-ply (102 mm thick), (D) 5-ply (120 mm thick).
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already validated against experimental results by (Vogiatzis,

2019). The CLT shear walls were modelled based on the

methodology developed by (Vogiatzis et al., 2020) for a

similar steel-timber hybrid system under monotonic loading

which had been validated using experimental data. It has been

shown in the literature that the Hill’s criterion, as implemented in

ANSYS, once validated for monotonic loading then it has the

ability to be used for the investigation of the same specimen

under cyclic loading conditions without further calibration on

new inputs required (Rahmzadeh and Iqbal, 2021).

3 Results

The effect of the two main wall–frame connection types, on

the response of CLT-Steel hybrid wall systems under

monotonic and cyclic loading conditions is explored. To this

end, several finite element models with thicknesses of the infill

CLT walls tw, equal to 81, 102 and 120 mm, respectively, are

evaluated. The lateral load P versus displacement Δ curves

obtained from this study are shown in Figures 4A–D for the

frictional STSWmodels and in Figures 5A–D for the connected

STSW models. Where, the horizontal line marks the designed

shear strength of the prototype building.

FIGURE 8
Hysteretic and backbone curves of specimens with connected infill-frame interface (A) Comparative diagram, (B) 3-ply (81 mm thick), (C) 3-ply
(102 mm thick), (D) 5-ply (120 mm thick).

FIGURE 9
Backbone curves for the developed CLT-Steel hybrid systems.
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Ductility (μ) is a sign of displacement induced in plastic

region without strength degradation. The ductility factor can be

defined from Eq. 8. It is assumed that the P-Δ backbone curve is

elastic and perfectly plastic according to the procedure explained

and used by (Kennedy-Kuiper et al., 2022).

μ � Δu

Δy
(8)

The yield displacement (Δyield) was measured through the

concept of equal plastic energy, so that the area enclosed by

the idealized elasto-plastic curve was equal to that of the actual

pushover curve, as depicted in Figure 6. Figures 7A, 8A, 9

compare the backbone curves of the CLT-steel hybrid systems.

The capacity parameters of the developed specimens are

presented in Table 4. Where the stiffness (Ke) is computed

by Eq. 9, the secant shear modulus of the CLT wall (G′) is
given by Eq. 10, and the secant shear modulus of the bare steel

frame (Gbf) is produced by Eq. 11.

Ke � 0.4
Ppeak

Δ0.4Ppeak

(9)

G′ � 0.4Ppeak

Δ0.4Ppeak

×
H

L
(10)

Gbf � Pbf

Δbf
×
H

L
(11)

The findings of this study show that an ascent on the infill

plate thickness from 81 to 102 mm can increase the shear

capacity up to 40% for frictional STSWmodels, and up to 70%

for frictional STSW models. Moreover, as presented in

Figures 7, 8, the frictional STSW specimens fail to reach

the design strength by 40% when the thickness is 80 mm but

they provide adequate strength when the thickness of the

infill is either 102 or 120 mm. From the same results it is

obvious that this is not the case for the connected STSW

specimens as their strength ratio is ranging from 1.06 to 2.01,

meaning they provide overstrength more than 70%

Comparison with the bare frame results, as presented in

Figures 4, 5 and Table 4, show that the incorporation of

the CLT infill wall can significantly increase the initial lateral

stiffness of the bare steel frame, up to 3 times for the frictional

STSWs and up to 11 times for the connected STSW systems.

Further, it is observed that stronger infills led to higher lateral

load capacity, initial lateral stiffness, and yield load. However,

the increase of the ductility was limited.

4 Conclusion

Based on the findings of this research study, the following

conclusions can be drawn within the limitation of the current

research:

• For the connected hybrid steel-timber wall systems the

lateral stiffness is decreased with the horizontal

displacement increasing, showing a strong nonlinear

feature, as shown before in Figures 4, 5.

• As expected, an increase in the number of the plies of

the panels positively influences the load-carrying

capacity of the wall. However, the contribution of

their thickness (width) is more prominent since it

affects to a greater extent the structural performance

of the wall systems.

• An increase in the number of the plies of the panels does not

necessarily reduces thedisplacement of thehybridwall. This

has been concluded by comparison of 3-ply and 5-ply CLT

panels. On the contrary, a reduction in the thickness of the

CLT infill results in the smaller displacement of the wall

system.

• Among the models of the hybrid steel-timber wall systems

examined, the models with the presence of friction have

showed higher values of lateral drift capacities but in

smaller lateral loads. This indicates the effect of friction

on these types of wall systems.

TABLE 4 Summary of numerical results.

FE-model Ke Δy 0.9Ppeak G9 Gbf μ Ratio

(N/mm) (mm) (kN) (N/mm) (N/mm) (-) G9/Gbf Pu/Vd

ΗW1-3PLY81T 13.61 13.43 182.78 174.96 70.54 1.96 2.48 0.58

ΗW1-3PLY102W 23.40 13.77 322.17 300.83 74.49 1.91 4.04 1.02

ΗW1-5PLY120W 24.78 13.46 333.45 318.65 74.55 1.95 4.27 1.06

ΗW2-3PLY81T 46.24 8.24 380.82 594.59 74.96 3.19 7.93 1.21

ΗW2-3PLY102W 66.85 8.42 562.55 859.55 74.97 3.12 11.46 1.78

ΗW2-5PLY120W 71.94 8.82 634.47 924.94 75.00 3.09 12.33 2.01
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• The connected STSW models have shown higher energy

dissipation capacities than the frictional STSW models of

the same wall systems. The increase in the energy

absorption has been more significant in the case of the

5-ply CLT infilled hybrid wall.

Overall, hybrid CLT-Steel wall systems have shown great

potential and they can be regarded as reliable alternative

systems to traditional shear walls. The effects of

parameters, such as different geometries and mechanical

properties, that can affect the structural performance of

STSW systems have not been examined as they have not

been within the scope of the paper. However, these studies

can produce interesting findings in addition to the results

from the current study.
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