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Seismic Performance Analysis of Wood-Steel Frame
Structures
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Wood and steel have different physical properties. By combining the two
kinds of materials as bonded parallel beams, wood-steel frame structures
can be prepared. This work considers the seismic performance of such
engineering structures. Based on the Rayleigh damping model of
substructures, the non-proportional damping coefficient is used to quantify
the structural non-proportional damping characteristic of wood-steel frame
structures. A complex mode superposition method is used to calculate
seismic responses. Numerical cases showed that compared with the
frame structure with upper steel and lower wood, the overall lateral
performance is lower and the local lateral performance is higher for the
frame structure with upper wood and lower steel. The overall lateral
seismic design needs to be improved for the wood-steel frame structure
with upper wood and lower steel. The local lateral seismic design needs
be improved for the wood-steel frame structure with upper steel and lower
wood.
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INTRODUCTION

Wood has advantages of light weight and high strength. These attributes help make
it an important building material for sustainable development (Pramreiter et al. 2023). The
wood structures have good tensile-compressive and bending performance (Sun et al. 2023).
Steel has the advantages of high rigidity and high ductility (Istk and Ozdemir 2022).
Combining the advantages of the two kinds of materials, wood-steel composite members
are widely constructed, such as wood-steel barriers (Goubel et al. 2012), as well as wood-
steel joists (Wu et al. 2022). Kaliyanda et al. (2019) compared numerical results with test
information and constructed a three-dimensional finite-element model of wood-steel bolted
joints. Conrad and Phillips (2019) analyzed the shear behavior wood-steel composite shear
wall. The composite shear wall was shown to develop a large amount of shear capacity
over a short wall length. Wu et al. (2021) combined with experimental results, studied the
capacity of I-shaped wood-steel beam. Li et al. (2014) analyzed seismic performance of
the timber-steel hybrid shear wall systems with an infill wood shear wall.

Recent studies of the wood-steel structures mainly have aimed at component level
and structural level. Firstly, the research of the wood-steel component level is developed.
Some wood-steel components are further designed, such as wood-steel beams, wood-steel
columns, wood-steel walls, etc. Secondly, the research of the wood-steel structural level is
developed. Some composite structures that consist of wood substructure and steel
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substructure are designed in the engineering structures, such as wood-steel frame structures
(Lopez Almansa et al. 2012) and wood-steel bridges (Gocél et al. 2024). Wood and steel
are further applied in frame structures, for which the different material damping
characteristics of the two materials can be expected to affect the overall performance.
Wood-steel frame structures can be regarded as composite structures, which have non-
proportional damping characteristics. There have been relatively few studies on the
dynamic characteristics of wood-steel structures. Therefore, seismic performance analysis
of wood-steel frame structures is important for seismic design of engineering structures.

This study analyzed seismic performance of wood-steel frame structures. First, the
Rayleigh damping model of substructures was used to construct the damping matrix of
wood-steel frame structures. The non-proportional damping coefficient was used to
quantify the structural non-proportional damping characteristic, and a complex mode
superposition method was used to calculate seismic responses. Finally, the different
vertical distribution of wood and steel for frame structures were taken as numerical
examples. The overall and local lateral stiffness were further analyzed.

EXPERIMENTAL

Time-Domain Dynamic Equation of Wood-Steel Frame Structures
The time-domain dynamic equation of wood-steel frame structures can be
expressed as follows,

M(t) + CX(t) + Kx(t) = F 1)

where M is the mass matrix, C is the damping matrix, and K is the stiffness matrix.
The mass matrix of wood-steel frame structures is expressed as follows,

M, O
M = 2
0 Mg
where Mw is the mass matrix of wood substructure, and Ms is the mass matrix of steel

substructure.
The stiffness matrix of wood-steel frame structures is expressed as follows,

K= Ks 0 3
17 ©

where Kw is the stiffness matrix of wood substructure, and Ks is the stiffness matrix of
steel substructure.
The damping matrix of wood-steel frame structures is expressed as follows,

c—Cs 0 4
15 <) ®

where Cw is the damping matrix of wood substructure, and Cs is the damping matrix of
steel substructure.
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Based on the Rayleigh damping model (Spears and Jensen 2012), the damping
matrix can be expressed in Egs. 5 through 8,

Cy = ayM, + Ly Ky ®)
Cs = a M, + B.K, (6)

where aw and Sw are Rayleigh damping coefficients of wood substructure, and as and s
are Rayleigh damping coefficients of steel substructure;
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where @ is natural frequency of the m™™ mode, wx is natural frequency of the n"" mode,
¢w is damping ratio of wood, and ¢s is damping ratio of steel.

Non-Proportional Damping Characteristics of Wood-Steel Frame Structures
Based on M and K, the undamped modal vectors of wood-steel frame structures can
be expressed in Eq. 9.

O=[¢ ¢ ... 4] 9)

Based the orthogonality of vibration mode vectors, the modal mass matrix and
modal stiffness matrix of wood-steel frame structures can be expressed as diagonal
matrices, namely:

mll

m
PMP = o (10)

k
DK = e (11)

The damping ratio of wood is different from that of steel, and the wood-steel frame
structure is non-proportionally damped system. The modal stiffness matrix can be
expressed as the diagonal matrix, as follows.
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A P P 1Y
A=®'CP = Afl Afz . Af“ (12)
Ay Ay o Ay
The diagonal matrix of 4 is shown in Eq. 13.
an
D= e N (13)

ANN

Based on D4, the non-proportional damping coefficient (Tong et al. 1994) is
expressed as follows,

j'max — ﬂ’min

= 14
ﬂ’max + ﬂ'min ( )

where Amax is the maximum eigenvalue of D4, and Amin is the corresponding minimum
eigenvalue of D4,

The non-proportional damping coefficient ranges from 0 to 1. A larger coefficient
indicates a greater non-proportional characteristic. When the non-proportional damping
coefficient is 0, the frame structure will be the proportionally damped system.

Numerical Method of Seismic Responses for Wood-Steel Frame Structures
For an earthquake wave, the time-domain dynamic equation of wood-steel frame
structures is expressed as follows,

MX(t) + Cx(t) + Kx(t) =—Mlg(t) (15)
where | is the distribution vector, g(t) is the acceleration of earthquake wave.

The state space method is adopted (Foss 1958). The auxiliary equation is introduced
in Eq. 16.

Mx(t) — Mx(t) =0 (16)

Equations 15 and 16 can be combined as Eq. 17,

Py(t)+Qy(t) =R (17)

where

'C M

P= M 0 } (%)
'K 0

Q=g _M} (19)
_|x®

y(t) = {X (t)} (20)
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—Mig(t
R { 9( )} (21)
0
The complex eigenvectors of Eq. (17) are
Vi 7 :
- i=12,...,N 22
[/Wi ﬂf.*u/i*} ( ) )

where i is N-dimensional complex vector, wi* is conjugate vector of wi, Zi is eigenvalue,
and Zi* is conjugate value of Ji.
Equation 22 is substituted into Eqg. 17, which is obtained as Eq. 23,

() -Az;(t)=-y9(t) (=12,...,N) (23)
where
B c//iTMI
v, Cy, + 24y, "My,

Vi (24)

The displacement vectors can be represented linearly by complex eigenvectors, i.e.,
N

x®) = [z () +y'7" (1) (25)
i=1

Solving Eq. 23, zi(t) can be obtained, and x(t) is further obtained from Eq. 25. The
complex mode superposition method is realized, which can be regarded as the numerical
method of seismic responses for wood-steel frame structures.

RESULTS AND DISCUSSION

Vertical hybrid structures can be equivalent to a two degree of freedom system
(Chen and Wu 1999; Huang et al. 2015). The two degree of freedom system for a wood-
steel frame structure is taken as a numerical example. Model A is the frame structure with
upper wood and lower steel and Model B is the frame structure with upper steel and lower
wood. The mass distribution, stiffness distribution and damping distribution are shown in
Fig. 1. Here the stiffness distributions of Model A and Model B are the same. Besides, the
ratios of mass to stiffness for steel and wood of Model A are same as those of Model B.
The mass, stiffness and damping ratio are shown in Table 1.

In numerical models, the ratio of mass to stiffness for wood is 1/3, and the ratio of
mass to stiffness for steel is 2/3. According to Standard for Design of Timber Structures
GB/T 50005 (2017), the damping ratio of wood is 0.05. According to Code for Seismic
Design of Buildings GB 50011 (2010), the damping ratio of steel is 0.02. Adopting the
quantification method, the non-proportional damping coefficients of Model A and Model
B are 0.3800 and 0.4147, respectively.
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Fig. 1. Diagrams of wool-steel frame structures

Table 1. Parameters of Wool-Steel Frame Structures for Model A and Model B

mw (kg) kw (N/m) & ms(kg) ks (N/m) &
Model A 1000 3.0x10° 0.05 4000 6.0x10° 0.02
Model B 2000 6.0x10° 0.05 2000 3.0x10° 0.02

The El Centro wave and Taft wave were used to calculate the seismic responses for
wood-steel frame structures. The proposed numerical method was adopted. The time-
domain displacement responses of Model A and Model B are shown in Figs. 2 and 3. The
comparative analysis of displacement responses is shown in Table 2. In the seismic design
of frame structures, the peak top displacement and peak base shear force can be defined as
the indexes of overall lateral performance, and the peak story drift can be defined as the
indexes of local lateral performance. The vertical distribution of wood and steel of Model
A is different from that of Model B. The seismic performance with different vertical
distribution of wood and steel can be quantitatively analyzed.

The peak top displacement of Model A was larger than that of Model B. The relative
errors for EI Centro wave and Taft wave were 29.65% and 3.17%, respectively. The peak
base shear force of Model A was larger than that of Model B. The relative errors for El
Centro wave and Taft wave were 39.41% and 15.28%, respectively. Therefore, the overall
lateral performance of Model A was lower than that of Model B. Compared with the frame
structure with upper steel and lower wood, the overall lateral performance was lower for
the frame structure with upper wood and lower steel. However, the peak story drift of
Model A was less than that of Model B. The relative errors for ElI Centro wave and Taft
wave were 14.88% and 52.87%, respectively. Compared with Model B, the local lateral
performance was higher for Model A. Compared with the frame structure with upper steel
and lower wood, the local lateral performance was higher for the frame structure with upper
wood and lower steel. The reason is that the elastic modulus and density of wood are less
than those of steel, and the damping ratio of wood is larger than that of steel. Therefore,
the vertical distribution of wood and steel is important for wood-steel frame structures. The
overall lateral seismic design needs to be improved for the wood-steel frame structure with
upper wood and lower steel. The local lateral seismic design needs to be improved for the
wood-steel frame structure with upper steel and lower wood.
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Fig. 2. Time-domain displacement responses of wood-steel frame structures due to El Centro
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Fig. 3. Time-domain displacement responses of wood-steel frame structures due to Taft wave

Table 2. Comparative Analysis of Displacement Responses for Models A and B

El Centro Wave Taft Wave
Model A Model B Model A Model B
Peak top displacement (mm) 8.4891 5.9724 5.8917 5.7047
Relative error (%) — 29.65 — 3.17
Peak story drift (mm) 3.0985 3.5595 2.1949 3.3553
Relative error (%) — 14.88 — 52.87
Peak base shear force (kN) 4.1894 2.5384 2.8765 2.4371
Relative error (%) — 39.41 — 15.28

CONCLUSIONS

In this paper, the calculation method of seismic responses for wood-steel structures
was constructed. Then the seismic performance of wood-steel frame structures with
different vertical distribution of wood and steel were analyzed.

1. The A time-domain numerical method of wood-steel frame structures was constructed
based on Rayleigh damping model of substructures. It was found that the non-

proportional
proportional

damping characteristic,

damping coefficient can quantitatively analyze structural
and the corresponding complex mode

superposition method can be used to calculate seismic responses.
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2. The overall and local lateral performances are important in seismic design of wood-
steel frame structure. The vertical distribution of wood and steel affects the lateral
performance of wood-steel frame structures. Compared with the frame structure with
upper steel and lower wood, the overall lateral performance was lower and the local
lateral performance was higher for the frame structure with upper wood and lower steel.
The overall lateral seismic design needs to be improved for the wood-steel frame
structure with upper wood and lower steel. The local lateral seismic design needs to be
improved for the wood-steel frame structure with upper steel and lower wood.
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