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ABSTRACT
This paper presents seismic performance evaluation and design of timber-steel hybrid shear walls consisting
of steel moment frames infilled with plywood shear walls. This hybrid system can be easily incorporated into
multi-storey light timber framed (LTF) buildings using construction materials that are readily available in the
NZ construction market. A finite element (FE) model of the hybrid wall system was developed with its critical
input parameters calibrated by connection test database of nailed plywood-timber connections as well as bolted
and screwed timber-steel interface connections. The FE model was validated against existing hybrid wall testing
data and then used to conduct a parametric study to establish shear wall response database of the hybrid walls
with various configurations in terms of steel member sizes, nail sizes, and plywood thicknesses.
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INTRODUCTION
In New Zealand, bracing walls sheathed with gypsum
plaster boards are typically used to resist wind and
seismic loads in low-rise light timber framed (LTF)
houses according to NZS3604 (2011). Plywood shear
walls are also used when higher bracing capacity is
required in the NZS3604 houses. However, in multistorey buildings subjected to high seismic loads,
plywood

shear walls may reach their capacity

limitation. Steel moment frames are occasionally
used in LTF buildings to provide high bracing capacity.
However, engineers mostly design the different
bracing systems separately. Therefore, there is a need
to develop a better understanding of performance
of the hybrid system so that it can provide an
alternative robust bracing solution with enhanced
strength and stiffness. In recent years, timber-steel
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hybrid structures have attracted significant research
interests. Dickof et al. (2012) introduced a timbersteel hybrid system consisting of steel frames with
infilled cross laminated timber (CLT) panels. He et
al. (2014) introduced another type of timber-steel
hybrid system consisting of steel moment frames
with infilled oriented strand board (OSB) shear walls.
Li et al. (2014; 2015;and 2017) and He et al. (2018)
have conducted extensive experimental studies
and numerical modeling to study loading sharing
mechanism between steel frames and the infill timber
shear walls, influence of critical design parameters
and the seismic performance of the hybrid systems.
The research findings indicated high structural
efficiency of combining steel moment frames and
timber shear walls as a hybrid solution.
This paper investigates seismic performance of
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timber-steel hybrid walls consisting of steel moment

1.1 Hybrid wall modelling and the benchmark wall

frames infilled with plywood shear walls, as shown

model

in Figure 1. A detailed finite element (FE) hybrid
wall model is developed with input parameters of
critical connections calibrated by a comprehensive
connection test programme on nailed timber-plywood
connections as well as bolted and coach screwed
timber-steel interface connections. The FE model is
validated by existing hybrid shear wall test data and
is used to conduct a parametric study to establish a
performance database of the hybrid wall systems with
various wall configurations. The influence of steel
member size, nail size, and plywood thickness on the
overall hybrid wall performance is assessed. Critical
shear wall design properties in terms of strength,
stiffness, and ductility are evaluated based on the
load-displacement hysteresis of the walls.

Steel and timber framing members were modelled by
B21 elements in the ABAQUS element library. As the
steel frames are designed as ductile moment resisting
frames (MRF), the steel beam-column joints were
modelled as rigid connections. The steel column base
connections are semi-rigid bolted connections with
its rotational spring stiffness calibrated by existing
experimental data (Dong, 2017). Plywood sheathing
panels were modelled by CPS4R elements in the
ABAQUS element library. The in-plane elastic moduli
for plywood were considered for two orthogonal
directions: parallel and perpendicular to face grain.
All wood material properties were assumed to be
elastic and the steel properties were assumed to be
elastic-perfectly plastic.
The nonlinear behaviour of the hybrid wall is mainly

HYBRID WALL MODELLING AND VALIDATION
A detailed FE model of a timber-steel hybrid shear
wall structure was developed in ABAQUS software
package (ABAQUS SIMULIA, 2011). As shown in Figure
1, it consists of three types of elements to model the
components in the hybrid wall system: beam elements
for timber and steel framing members; panel elements
for plywood sheathing; and nonlinear spring elements
for the nailed timber-plywood connections and the
timber-steel interface connections.

governed by the critical connections (mainly the nailed
timber-sheathing connections) and the yielding of the
steel moment frame. Therefore, it is important to
incorporate robust spring elements for these critical
connections. In this study, user defined nonlinear spring
elements following the modified Q-Pinch hysteresis
model (Folz and Filiatrault, 2001) were implemented.
The hysteric behaviour of the connections was
calibrated by a connection test database (Kho et
al. 2018). Non-critical connections such as the

Figure 1: Typical timber-steel hybrid wall configuration.
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connections between timber framing members were
simply assumed as pinned because they are normally
jointed by a couple of nails with minimal moment
capacity. As shown in Figure 2, the modified Q-pinch
hysteresis model requires the calibration of a total of
10 independent parameters to define the entire loadslip hysteresis. Six parameters (F0, K0, K1, K2, δu and δf)
are used to define the envelope curve consisting of an
exponential curve before the peak load and a straight
post-peak curve. The rest four parameters (FI, K3, α,
and β) are used to define unloading and reloading
curves enclosed by the positive and negative envelope
curves. It should be noted that the reloading stiffness

Figure 2: Modified Q-Pinch hysteresis model for timber
connections (Folz and Filiatrault, 2001).

K4 is not an independent parameter and needs to be
updated according to the previous loading history
(δun) in consideration of the stiffness degradation. The
pinching stiffness K5 is also not independent and the
pinching lines must go through the pinching intercept
points (0, ±FI) and the intercept of the unloading line
with zero force (±δun, 0).
In timber shear walls subjected to lateral loads, nail
fasteners will slip along a primary direction, not

Figure 3: Oriented spring pair (Judd,2005).

necessarily along the horizontal or vertical direction.
Therefore, the oriented spring pairs as shown in Figure
3 proposed by Judd (2005) were used to model the
coupling behaviour of the nailed connections along
the primary slip direction and the perpendicular to
the primary slip direction.
For the timber-steel interface connections, Li et al.
(2015) suggested that these connections should be
designed with high strength and stiffness to ensure

Figure 4: Non-oriented spring pair (Judd,2005).

effective load transfer between the steel frame

and columns were UB150 and UC150 following AS/NZS

and the infill wall. Any premature failure of the

3679.1 (2010). Radiata pine timbers with 90 mm x 45

interface connections should be avoided. Because

mm were spaced at 400 mm as the wall studs. M12

the interface connections typically deform along the

bolts spaced at 250 mm were used to form the timber-

axis of the connected timber and steel members and

steel interface connections. The nail sizes, plywood

the fastener axial (or withdrawal) direction, the non-

thicknesses, and the sizes of bolts and coach screws

oriented spring pairs as shown in Figure 4 were used.

used in the parametric study were the same as those

The Q-pinch hysteresis model was also used to model

used in the connection tests by Kho et al. (2018).

the connection behaviour under shear loads and the

Displacement loading protocol followed the ISO16670

model parameters were calibrated based on the test

(2003), as shown in Figure 6. Table 1 lists all the input

data by Kho et al. (2018). Elastic springs were used

material properties. Table 2 lists the input Q-Pinch

to model the behaviour of the connections along the

model parameters for the critical nailed connections

fastener axial (withdrawal) direction.

and bolted timber-steel interface connections.

Figure 5 shows a hybrid wall designed as the benchmark
wall configuration for the parametric study. The steel
frame was 3.75 m long and 2.475 m high. The size of
the infill wall was 3.6 m × 2.4 m, fitting three full-size
plywood sheets (1.2 m x 2.4 m each). The steel beams
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1.2 Hybrid wall model validation
Before

conducting

the

parametric

analysis,

experimental results of a 2/3-scale hybrid shear
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Figure 5: Benchmark wall configuration.

Table 1: Input properties of structural components in hybrid wall modelling.
Structural Component

Finite-Element Representation
(ABAQUS)

Material and Section Properties

Steel framing

Beam element: 2-node (B21)

E= 210GPa, σy= 300MPa

Timber framing

Beam element: 2-node (B21)

E= 8.0GPa

Sheathing

Plane stress quadrilateral elements
with reduced integration (CPS4R)

Ex= 9.1 GPa, Ey = 9.1 GPa, Gxy = 455 MPa

Timber-sheathing
connections

User defined spring element pair:
2-node, non-linear (U1)

Modified Q-Pinch hysteresis model

Timber-steel connections

User defined element pair: 2-node,
non-linear (U1)

Modified Q-Pinch hysteresis model for lateral
behaviour

Steel-frame base connections

Spring element: 2-nodes, linear
(SPRING2)

krot = 760 kNm/rad

Table 2: Calibrated Q-pinch model parameters of nailed connections and bolted inter-face connections.
Fastener

Ф2.8x60

Plywood

12mm

17mm

12mm

17mm

25mm

12mm

17mm

25mm

Double studs

K0, N/mm

846

850

625

1094

1131

1243

970

1303

7200

K1, N/mm

25

35

20

25

20

39

27

53

150

K2, N/mm

-38.5

-60

-20

-31.5

-25

-33

-35

-50

-10000

K3, N/mm

850

950

625

1250

1131

1250

970

1303

7400

F0, N

783

750

1120

1025

1110

1070

1090

1175

16500

F I, N

175

150

250

220

280

320

305

280

4200

Δu, mm

9.9

8.2

7.3

18.3

8.5

10

12.6

10

28

Δf, mm

16

14

21

24

15

20

25

17

30

α

0

0

0

0.7

0.8

0.7

0.52

0.8

0.7

β

1.1

1.1

1.05

1.1

1.05

1.05

1.05

1.5

1.1
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Ф3.15x75

Ф3.55x90

M12 Bolt
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wall consisting of a steel moment frame and an
infill oriented strand board (OSB) shear wall were
used to validate the hybrid shear wall model. The
model input parameters for the critical connections
were calibrated by the experimental testing of
nailed

timber-OSB

connections,

bolted

timber-

steel interface connections and base connections

Figure 6: Cyclic displacement protocol.

of the steel columns conducted in Tongji University,
China. Detailed information about the hybrid wall
testing program was reported by Dong (2017) and
Li et al. (2019). Figure 7 shows the wall specimen
test setup and its FE hybrid wall model developed
in ABAQUS. Figure 8 shows the comparison between
the experimental load-displacement hysteresis and
the model simulation results. It can be seen that the
model generally agreed well with the test results.

PARAMETRIC STUDY OF HYBRID SHEAR WALLS
Parametric studies were conducted by the ABAQUS
model simulations to study the influence of various
design parameters on the hybrid wall performance
under cyclic loading. Critical wall properties such as
strength, stiffness, and ductility were derived.
1.3 Effect of steel member sizes
Given the nail size of Ф3.15x75 with 50/300 nailing
pattern and 17mm thick plywood in the benchmark
wall configuration, various steel member sizes were
used in the parametric study. The envelope curves
of the hysteresis loops under different combinations
of steel member profiles are shown in Figure 9. The
maximum wall strength, initial stiffness and ductility
are presented in Table 3. The ductility ratio were

Figure 7: Hybrid wall test setup and its ABAQUS model
(Dong, 2017).

calculated according to ASTM E2126 (2011). It can be
seen that the strength and stiffness of the hybrid wall
increased with the increase of steel member sizes;
however, the change of the ductility was negligible.
Because the elastic-perfectly plastic steel property
was used in the model, the post-peak wall behaviour
will only be governed by the infill wall.
1.4 Effect of nail sizes and plywood thicknesses
Four nailing patterns (50/300, 75/300,100/300 and
150/300) and two plywood thickness values (12 mm
and 17mm) were adopted to study the effect of nail
sizes and plywood thicknesses. Figure 10 shows that
the capacity of the hybrid walls is positively correlated
with the nail size. Also reduced nail spacing can
significantly increase the wall capacity. In Figure 11,

NEW ZEALAND TIMBER DESIGN » JOURNAL VOL 27· ISSUE 4

Figure 8: Experimental hysteresis curves vs. ABAQUS model
simulation.
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given the nail spacing, the influence of the plywood
thickness on the wall capacity is not significant for the
Ф3.15x75 nails. Nevertheless, for the larger Ф3.55x90
nail, slightly increase of the wall capacity can be
found with increased plywood thickness.
Figure 12 and Figure 13 show the influence of nail sizes
and sheathing thicknesses on the wall stiffness. Given
the panel thickness and nail spacing, the influence
of nail sizes on the overall hybrid wall stiffness was
not significant. It was found that the combinations
of Ф3.15x75 nails with 17mm plywood and Ф3.55x90
nails with 25mm plywood are better choices for high
Figure 9: Envelope curves of hybrid walls with different
steel member sizes.

stiffness.
1.5 Load-sharing and shear wall ductility
The load-sharing mechanism among the steel moment

Table 3: Influence of steel member sizes on hybrid wall strength and stiffness.
Steel beam & column profile

K0 (kN/mm)

Fy (kN)

Fmax (kN)

Δy (mm)

Δmax (mm)

Δult (mm)

μ

150UB-150UC

5.07

130.04

143.52

25.65

71.93

121.33

4.73

180UB-200UC

5.61

140.97

154.55

25.14

75.53

127.82

5.08

200UB-200UC

5.82

150.61

164.71

25.88

74.93

129.05

4.99

200UB-250UC

6.16

151.30

165.07

24.58

76.73

130.78

5.32

250UB-250UC

7.31

186.00

201.49

25.44

76.13

134.24

5.28

Figure 10: Effect of nail size on wall capacity.

Figure 11: Effect of plywood thickness on wall capacity.

Figure 12: Effect of nail size on wall stiffness.
Figure 13: Effect of plywood thickness on wall stiffness.
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frame and the infill wall has a major impact on the
hybrid system performance. A load sharing factor
ρ is defined as the ratio between the load carried
by the infill wall and the total load carried by the
hybrid wall. As an example, Figure 14 demonstrates
that the change of the ρ factor with the increasing
wall drift ratio. In this wall configuration, 150UB and
150UC were used as the steel beams and columns and
three combinations of nail size and plywood thickness
(Ф2.8x50 with 12mm plywood; Ф3.15x75 with 17mm
plywood, and Ф3.55x75 with 25 mm plywood) were
considered. The same nailing pattern 100/300 was
used. It is shown that the infill wall carried more
than 80% of the total load at the early stage and then
the percentage will decrease gradually due to nail

CONCLUSIONS
This study developed a finite element wall model to
simulate the cyclic behaviour of a type of timbersteel hybrid shear wall system that consists of steel
moment frames and infill plywood shear walls. In
the wall model, input parameters of the critical
nailed plywood-timber connections and timber-steel
interface connections were calibrated based on
existing experimental database of the connections.
The hybrid wall model was also validated by the test
results of a hybrid shear wall and the validated model
was further used to conduct a parametric study to
derive the critical shear wall design parameters such
as strength, stiffness and ductility.

yielding and damage accumulated with increased wall

The parametric study showed that this hybrid wall

drift. Meanwhile, a larger portion of load needs to

system is able to provide enhanced strength and

be carried by the steel frame so that the system can

stiffness compared with conventional plywood shear

achieve a better ductility compared to conventional

walls. It was also found that the increasing nail

timber shear walls.

sizes in the infill walls generally increased the wall
capacity. Considering the overall strength, stiffness
and ductility performance, the hybrid systems with
the infill walls using Ф3.15x75 with 17mm plywood
and Ф3.55x90 with 25mm plywood performed better
than other combinations of the nail size and plywood
thickness. The parametric study also indicated that
most of the hybrid wall configurations had a range of
ductility factors between 4.0 and 6.0.
The steel moment frame can offset strength
degradation of the infill plywood shear wall at large
wall drift demands and sustain the load, leading
to increased system ductility. For the hybrid wall
system, due to the existence of steel columns, no

Figure 14: Evolving ρ factor in hybrid wall systems with
increased wall drift ratio demand.

The hybrid walls with a total of 8 combinations of nail

complicated hold-down design is required because
the steel columns normally have sufficient capacity to
resist the uplifting forces.

sizes and plywood thickness under the 100/300 nailing
patterns were simulated and the derived ductility
factors according to ASTM E2126 (2011) are listed in
Table 4. The hybrid system ductility factors ranged
from 4.0 to 6.0. It seems that the system consisting of
Ф3.15x75 with 17mm plywood had the highest system
ductility factor of 6.0.
Table 4: Ductility factors of hybrid walls with various nail plywood combinations.
Plywood

Ф2.8x60

Ф3.15x75

Ф3.55x90

12 mm

5.07

6.00

5.83

17 mm

4.05

4.59

5.13

25 mm

n.a.

5.82

5.15

thickness
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