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The dynamic response of semi-rigid timber frames subjected to wind loads is investigated numerically in this
paper. The dynamic response of more than one million unique frames with different parameters was assessed
with the frequency-domain gust factor approach, which is currently adopted by Eurocode 1, and the time-domain
generalized wind load method. In the generalized wind load method, the frames were simulated for three
different wind velocities with five simulations per unique combination of parameters, resulting in more than
twelve million simulations in total. Qualitative and quantitative observations of the dataset were made.
Empirical expressions for the accelerations, displacements, and fundamental eigenfrequency were proposed by
the use of nonlinear regression applied to the obtained numerical results and a frequency reduction factor was
developed. The wind-induced accelerations obtained by the two methods were compared to the corresponding
serviceability criteria according to ISO10137, providing insight about the feasibility of moment-resisting frames
as a lateral load-carrying system for mid-rise timber buildings. Comparison between the theoretical gust factor
approach and the generalized wind load method showed that the gust factor approach was nonconservative in
most cases. Finally, the effect of uniform and non-uniform mass distributions was investigated, with a theoretical

reduction in top-floor accelerations of 50% and 25% respectively.

1. Introduction

Timber structures are lightweight and flexible compared to struc-
tures built with other traditional materials such as steel and concrete.
Because of these properties, timber structures are subjected to smaller
forces due to earthquakes [1,2] and result in smaller forces in the
foundations. However, the lightness and flexibility of timber structures
make them prone to dynamic loads in the serviceability limit state. Some
examples are wind-induced vibrations [3], vibrations from metros [4,5],
human-induced vibrations [6,7], and other sources of dynamic loads.
For tall timber buildings, wind-induced accelerations are often the
limiting factor, which governs the design [8-11]. Buildings that are
considered tall when built in timber, are most often considered as mid-
rise structures when built in steel or concrete. However, such structures
are at the frontier of timber engineering where wind-induced vibrations
are an important design consideration.

At present, connections with dowel-type fasteners loaded perpen-
dicular to their axis are very common in timber engineering. Such
laterally loaded fasteners feature low stiffness and require minimum end

and edge distances. Consequently, it may be a challenge to achieve the
desired rotational stiffness in connections with laterally loaded fas-
teners, even if many fasteners and shear planes are used [12]. Laterally
loaded fasteners also show nonlinearities for low rotations due to initial
slip. This may compromise their performance for the serviceability limit
state.

Tall timber buildings are typically built with either cross-laminated
timber (CLT) or glued laminated timber (glulam) elements with exten-
sive trusswork bracing systems. Buildings with CLT elements are less
flexible with respect to change in area use, as most of the wall elements
are load bearing with short-span deck elements. Buildings with glulam
elements require extensive bracing systems. These bracings are often
quite massive, which can be witnessed in the record projects Mjg’stérnet
[13] and Treet [14]. Therefore, structural systems based on both CLT
and glulam trusswork result in architectural restrictions with respect to
spatial flexibility. As an alternative to buildings with CLT or glulam
trusswork bracing, moment-resisting timber frames with semi-rigid
connections can be used as a lateral load-carrying system in mid-rise
timber buildings. This will allow for greater architectural flexibility.
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As a result of the increased rotational stiffness of the connections, the
lateral stiffness of the whole structure will also increase. By increasing
the stiffness of the structure, the dynamic response of the structure will
become more favorable and taller timber structures can be engineered.
Introduction of semi-rigid moment-resisting connections can also
enhance the performance of floors against human-induced vibrations,
allowing for greater free spans [12].

Today, semi-rigid moment-resisting timber frames are a novelty in
their own. Most of the existing semi-rigid timber frames are on the
laboratory scale. One such system is the semi-rigid frame system
developed by the Norwegian University of Science and Technology as
part of the research project Woodsol [15]. The semi-rigid frame system
developed in Woodsol consists of continuous glulam columns and
composite floor elements connected to the columns with semi-rigid
moment-resisting connections. Therefore, the rotational stiffness of the
connections and the increased bending stiffness of the composite floors
contribute to the overall stiffness of the structural system. The connec-
tions consist of screwed-in threaded rods with the threads at an angle to
the grain and metallic coupling parts [16]. The threaded rods are used
due to their high axial stiffness and capacity, and their ability to take
load without initial slip [17]. The composite floors consist of glulam
webs and laminated veneer lumber (LVL) panels acting as flanges. This
timber floor has also been developed as part of Woodsol, and its static
and dynamic properties have been investigated numerically and
experimentally on a full-scale prototype [18].

Other typologies of semi-rigid moment-resisting connections include
various configurations of glued-in rods parallel to the grain [19], tube-
type fasteners [20,21], dowel-type fasteners [22], post-tensioned sys-
tems [23], and more. Important problems to solve for timber connec-
tions in the serviceability limit state are the lack of rotational stiffness
and initial slip [12].

Vilguts, Stamatopoulos and Malo [24] investigated the dynamic
properties and response of 17 800 semi-rigid timber frames subject to
different wind loads based on the Woodsol system. Timber frames with
up to twelve floors were investigated. The peak accelerations were
calculated by using the gust factor approach in accordance with
EN1991-1-4 [25] and compared with serviceability requirements in
ISO10137 [26]. They found that the column stiffness, number of bays,
and connections’ rotational stiffness had a large impact on the wind-
induced acceleration. For the fundamental eigenfrequency, the most
important parameters were the total height, depth of the frame, column
stiffness, connection stiffness, bay length, and floor height. Vilguts,
Stamatopoulos and Malo [24] found that the expressions for the
fundamental eigenperiods in EN1998-1 [27] and EN1991-1-4 [25] did
not approximate the fundamental eigenfrequencies from FE analysis for
moment-resisting timber frames well.

Edskar and Lidelow [9] investigated wind-induced vibrations on 27
different configurations of a CLT building with 10 to 22 storeys by using
the gust factor approach adopted by EN1991-1-4 [28]. They found that
the damping ratio is an important parameter and that increased stiffness
reduced the accelerations more than increased mass. They also
emphasized the importance of carrying out similar analyses for other
structural systems in timber buildings. In addition, they suggested that
further work should be carried out on the interaction between mass and
stiffness on the dynamic properties and response of timber buildings.
Bezabeh et al. [8] studied the wind-induced vibrations of five prototype
mass-timber buildings with heights from 10 to 40 storeys. They per-
formed scaled wind-tunnel testing on the 40-storey building and dy-
namic analysis in the frequency-domain. Results from their analyses
indicate a strong dependency on the height, damping ratio, and wind
conditions. Suggested mitigation strategies from Bezabeh et al. [8]
include increasing the damping capacity and the hybridization of timber
buildings with steel and reinforced concrete.

Lui and Lopes [29] investigated the effects of connection flexibility in
steel frames subject to dynamic loads. They found that reduced
connection stiffnesses increased the natural period and that the required
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time for the structure to reach steady-state vibration after forced exci-
tation was longer than for a rigid frame. Awkar and Lui [30] later
investigated the effects of connection stiffness in steel structures subject
to seismic loads. They found that low connection stiffnesses reduced the
base shear and overturning moment for multistory frames and that the
higher modes were largely unaffected by the low connection stiffnesses.

From several measurements of existing timber structures with
heights between 20m and 45m, Feldmann et al. [31] found that the
approximation of the fundamental eigenfrequency in EN1991-1-4 [25]
gives a too high estimate for some of the measured structures. Structures
with lower fundamental eigenfrequencies are more susceptible to wind-
induced vibrations, making these estimates nonconservative. Johans-
son, Jarnero and Landel [11] performed a simplified concept study of a
22-storey structure consisting of glulam and CLT elements. In the
concept study, the wind-induced accelerations were compared to the
serviceability requirements in ISO10137 [26] according to the gust
factor approach in EN1991-1-4 [25]. They found that the peak accel-
eration did not satisfy serviceability criteria in ISO10137 [26] and that
the fundamental eigenfrequency was about 0.6 Hz. In the tall timber
structure Treet in Norway, the FE model had a fundamental eigenfre-
quency of 0.75 Hz [10,11]. In both Treet and Mjgstdrnet in Norway, the
wind-induced vibrations were on the limit according to 1SO10137
[11,13].

Aloisio et al. [32] measured the eigenfrequencies and corresponding
damping ratios in an 8-storey CLT building with a CLT core by the use of
operational modal analysis for low-level wind loads. They found that the
building had a fundamental eigenfrequency of 1.9 Hz with a corre-
sponding damping ratio of 1.2%. The fundamental eigenfrequency is in
the same range as concrete structures of similar height. Another inter-
esting finding was that the building behaved as a continuum where the
connection stiffnesses were negligible. Reynolds, Casagrande and
Tomasi [33] measured the eigenfrequencies and damping ratios for a
light timber frame and a CLT building, both with five storeys and con-
crete cores. Both of the buildings had a fundamental eigenfrequency of
around 4.1 Hz and a damping ratio around 6%. The large difference in
the measurements between the two buildings may stem from the
different materials used in the central core and measurement methods
[34].

Based on the composite timber floors and semi-rigid connections in
the Woodsol project, this paper extends the work by Vilguts, Stamato-
poulos and Malo [24]. It investigates the dynamic properties and
response of tall timber structures of semi-rigid planar frames subject to
static and dynamic wind loads. The analysis is done through the simu-
lation of more than 1 million unique moment-resisting frames with
different parameters subject to different wind loads. In total, more than
12 million simulations were performed. In the simulations, the effect of
different stiffness parameters and surface loads on the structural
response was assessed. The results of the simulations were utilized to
derive empirical expressions for the response accelerations and funda-
mental eigenfrequencies based on nonlinear regression. Moreover, a
novel frequency reduction factor, which shows the effects of the con-
nections’ stiffness, was proposed. Finally, the effect of uniform and non-
uniform mass distributions was investigated.

The dynamic response was investigated by using both the simplified
frequency-domain gust factor approach used in EN1991-1-4 [25],
developed by Davenport [43-45] and Solari [47-50] and a theoretical
time-domain generalized wind loading method outlined in Kareem [46]
and Steenbergen & Vrouwenvelder [51]. To assess the dynamic prop-
erties of the timber structures, a MATLAB routine was developed. The
developed MATLAB routine computes the dynamic properties of planar
semi-rigid timber frames by using the FE method and simulates the
dynamic response of the semi-rigid, planar, moment-resisting timber
frames from the gust factor approach and the generalized wind load
method. In the generalized wind load method, 10-minute time series for
the wind loads were generated based on the Kaimal spectrum [35] in
EN1991-1-4 [25]. The response accelerations of the frames were



A.S. Cao and H. Stamatopoulos

Engineering Structures 240 (2021) 112367

K d >
N Sl C,
(H
S4C,
S C,
% C
)G
, K olo El, p. EI/(1+ a)
)G
)G
)G,
)G,
\ Ss5up L.
| L, | L, kzl,sup

Fig. 1. An arbitrary planar frame with floors neor, bays ny,y, beam stiffness EI,, beam length L,, column stiffness EI,, column length H, connection stiffness ky,
horizontal support stiffness k, .y, vertical support stiffness k; qp, rotational support stiffness kysup, building depth d, building height %, and an equivalent beam

density p,.

compared with the serviceability requirements for wind-induced vi-
brations in ISO10137 [26].

2. Method
2.1. Finite element formulation

A general layout of the structural system is illustrated in Fig. 1. The
system consists of continuous vertical columns and discontinuous hori-
zontal beam elements that represent the composite floors. The beams are
connected to the columns by rotational springs with a spring constant kg,
which represent the moment-resisting connections. The translational
Degrees of Freedom (DOF) in the connections are assumed as rigid since
they have a small influence on the lateral response of the frames. Tim-
oshenko rectangular beam elements are used for the columns, since the
shear deformation in the column elements is significant for the lateral
response. The shear coefficient is set to 6/5. Euler-Bernoulli rectangular
beam elements with rotational springs at the ends are used for the
beams. Euler-Bernoulli beams are used for the beams since their shear
deformation is not decisive for the overall lateral response. The local
stiffness matrix accounts for the flexibility of connections, according to
the formulation by Lui and Lopes [29]. By implementing the connection
stiffness in the beam element, the columns are modelled as continuous
and the beams as discontinuous elements. The cross-sections of the
rectangular beams are calibrated such that they have the same stiffness
as the composite timber floors in the Woodsol project. In other words,
the stiffness of the beams in the planar frame is an equivalent stiffness
with respect to Woodsol floor elements. The global stiffness and mass
matrices are obtained from static condensation. To account for struc-
tural damping, Rayleigh damping is assumed to be equal in all the ei-
genmodes, calibrated for the lowest and highest eigenfrequency in the

system. It is assumed that the connections behave in a linear elastic
manner, and thus any nonlinearities for small rotations due to initial slip
or other sources are neglected. Therefore, the present study applies for
connections with a linear elastic behavior under service load without
initial slips. An example of such connections are connections based on
axially loaded threaded rods [16,17].

2.2. Wind loading

In this paper, the widely adopted gust factor approach by Davenport
[36] and the generalized wind load method outlined in Kareem [37] are
used to estimate the wind load. The gust factor approach is a simplified
frequency-domain method, in which the standard deviation of the wind
load and the dynamic response is multiplied with a peak factor to obtain
the peak response. The generalized wind load method used in this paper
generates correlated time-series of wind loads on the semi-rigid timber
frame structures, based on a Kaimal spectrum [35] and a modal aero-
dynamic admittance function. A yearly return period and terrain cate-
gory Il is used to assess the serviceability of the response accelerations
and displacements.

2.2.1. Gust factor approach
The gust factor approach approximates the peak displacement
response with the following expression:

Xp :X+kpo-x7 (1)

where X, is the peak response, X is the mean of the response, k, is the
peak factor, and o, is the standard deviation of the response. The stan-
dard deviation of the response is approximated by using the following
simplified frequency-domain approximation:
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Fig. 2. Frequency-domain spectral response analysis.
o’ o A [ Su(®) , 7 0,Su(w,) , pressure, and A, is the windward reference area of the structure. From
2 4? [Ap +Ar] = 4? { /O o? ¥ (@)do +2_5 o? 1 (@) random vibrations theory, the peak factor can be expressed as:

@

where 62 is the variance of the wind speed, 7 is the mean wind speed, Ap
is the background factor and Ag is the resonant response factor. In the
background factor Ag, Sy, is the Kaimal spectrum, y? is the aerodynamic
admittance function, and o is the angular frequency of the wind. In the
resonant response factor Ag, § is the logarithmic decrement, and w, is
the angular fundamental eigenfrequency of the structure. Equation (2)
can be analytically derived from the spectral analysis of wind loads on a
structure. By substituting Equation (2) into Equation (1) and rearrang-
ing, the peak response can be expressed as:

2o, 2 VB R, 3
X u

where R? approximates the resonant response factor Ag.
For the peak wind velocity, a similar expression is used:

u, = <1 +2klv% \/F())ﬁ = c.l, @

where k, is the peak velocity factor, Py is a nondimensional quantity,
and c, is the exposure factor. Calibrations have shown that the factor
2k,+/Py inherits the approximate value of 7.

To compute the peak static displacement, a structural factor cscy is
introduced. The structural factor cscy can be factorized into a size
component ¢; and a dynamic component cy4. The size component c; re-
duces the load due to the lack of coherence of wind pressures on a
surface due to turbulence and can be regarded as a rigid or static
component. The dynamic or flexible component ¢; increases the load
due to resonance between the structure and turbulence. The size factor is
the ratio between the background response in Equation (3) and the
exposure factor in Equation (4). The dynamic factor is the ratio between
Xp/x in Equation (3) with and without the resonant component. Thus,
the structural factor becomes:

142k, %VB +R  142k,%VB 142,%VB + R

(5)

CsCa =

1+72 1422 VP 142k, %VB
The peak wind load can be expressed as:
Fy = ¢5car¢rqpArer, ©

where ¢ is a drag or force coefficient, g, = %pau% is the peak velocity

0.6
k, = /2In(VT) + ———=

~ /1175 + 2In(vT), @)
2In(vT) 1)

where v is the up-crossing frequency, and T is the observation period.

The observation period T in this paper is 10 minutes, or 600 seconds.

The up-crossing frequency can be derived as:

R2
YN ®

where f, is the fundamental eigenfrequency of the structure. From the
peak wind load F,, the equivalent peak static displacement can be
computed. From random vibrations theory, the variance of the accel-
eration 62 can be expressed as:

o; = w'o’. (C)]

By substituting Equation (2) into Equation (9) and neglecting the
background response, the variance of the response acceleration can be
expressed as:

02 1 0,8u(0,) , 4
7?22 o2 X (@aa av

7=
If Equation (10) is rearranged, then the final expression for the
variance of the response acceleration can be expressed as:

2”2 wnsuu (wn) 2

2 —
o = (p,Cpuc,A) % m 7 (w,) (1D

In this paper, only the dynamic response is evaluated. Thus, the static
component in the structural factor inherits a unit value in Equation (5).
In Equation (4), the mean component in the exposure factor is neglected.

Fig. 2 shows the wind-loading model used in the gust factor
approach. The gust factor approach is based on spectral analysis, where
the response spectrum is approximated. In the gust factor approach, the
background factor approximates the steady-state response of the struc-
ture. In Fig. 2 the steady-state response is the part of the curve without
the peak around the fundamental eigenfrequency. The resonant
response factor approximates the peak in the response spectrum. Thus,
the gust factor approach is a simplification of the spectral analysis. Due
to the simplifications, some accuracy is also lost.
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Fig. 3. Time-domain wind spectrum-based response analysis.

2.2.2. Generalized wind load
Based on spectral modal analysis, the force spectrum of the gener-
alized wind load can be expressed as:

Srurni(@) = 97 / / 1111 Cox Coigticohy[Su (@)Sy (0)dAdA,  (12)
AJA

where ¢ is the mode shape, Cp, is the drag or force coefficient, u is the
mean wind velocity, coh is an exponential coherence function, and dA is
an infinitesimal area. S, (w) is the Kaimal spectrum adopted by
EN1991-1-4 [28]. The indices k and l indicate the spatial coordinate and
index i the mode number. Equation (12) can be rewritten as:

2
S1s(@) = (.Com ) S5, 015 @), a3
where ;(éi(w) is the modal aerodynamic admittance function:
1 CpxCp, Wit
)((2/, (w) = ﬁ//y % ik @i1CODy, ., dALdA,. a4
' ada Cp, W

A full derivation of Equation (12), (13), and (14) can be found Cao
[38].

In this paper, correlated time-series of the wind force are generated
from Equation (12). The time-series are generated by using the spectral

representation method proposed by Shinozuka and Deodatis [39]:
)1 -1/ i eloxn
x(t) = %ﬂ{NZZOI 2AwSxxk e },

where AwSy is the smoothed force spectrum of Equation (13), ¢, is a
random phase angle, wy is an angular frequency, t, is the time coordi-
nate, x is the generated point, and N is the number of sampling points in
the frequency domain.

By using the spectral representation, a time-series of the wind force
can be generated, and the dynamic response of the structure can be
solved through numerical integration of the modal equation of motion.
To compare the peak accelerations and displacements of the generalized
wind load with the gust factor approach, the following expressions are
used:

(15)

x, = 2k,\/Py-0, = To,, (16)

Xoos,owr = 1.64-0%. 17)

Fig. 3 shows the mixed wind-loading model used for the generalized
wind load in this paper. The wind is described in terms of a frequency-
domain wind spectrum. From the wind spectrum, a time series, which
will inherit the statistical properties of the spectrum, can be generated.

. . Parameters
Start, simulation i =
Table 1, Table 2
U
FEA .
= Analysis
Modal analysis
KM, o)Ay Table 1%, Table 2 foo oo Koy o i
U
Table 1
U
Generalized
Gust factor approach )
= Dynamic response = wind load
xp,ic'p
Xp, X,

Fig. 4. Flowchart of the method in this paper.
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Overview of the parameters in the simulations. The elastic modulus Eg is 13000 MPa and the shear modulus G is 650 MPa for GL30c [40]. *Parameters used to derive

the frequency reduction factor.

Floors Bays  Column Beam Beam-to-column Translational Rotational support Beam Floor Surface Line Wind
height height stiffness support stiffness length height load load velocity
b, =028 m b, = stiffness
0.28 m
Mfoor Tpay he hy ko keswp — Kesp  Kosup Ly H Ds DL Vb0
- — M m Nm/rad N/m N/m Nm/rad m m N/m? kg/m m/s
10 x 10°
. 2 0.30" 15 x 10° 22
5 3 0.38° 20 x 10° 26
4 0.46 103 71011* 30
2 0.30 10 x 10° 22
6 3 0.38 15 x 10° 26
4 0.46 20 x 10° 30
10 x 10°
) 2 15 x 10° 2
7 3 0.30,, 0.38 20 x 10° 1 ) . 1600 2?} 26
4 0.46°, 0.54 0.625 . 107 . 6 3.0° 2600 30
3 11 6
10° —-10 8 5x 10 . « 734
0.725 10°, 10 x 10° 8 35 3000 1223
2 0.825 10 x 10° 10° B 10 40 5000 22
8 3 0.38, 0.46 15 x 106 10 2000 1468 %
0.54, 0.62 5 1713
4 20 x 10 30
10 x 10°
2 15 x 10° 22
9 3 046, 0.54 20 x 10° 26
4 0.62°, 0.70 20
10° —10"
15 x 10°
2 22
10 3 0.54, 0.62 20 x 108 2%
M 0.70, 0.78 25 % 10° 30

To obtain the force spectrum, the wind spectrum and the aerodynamic
admittance are multiplied. From the force time-series, the response can
be computed by solving the equation of motion numerically. However,
the mixed wind-loading model is computationally expensive due to the
need to generate time series and the numerical solution of the equation
of motion.

2.3. Mass distribution

The effect of mass and mass distribution is assessed in terms of a mass
factor #,,,, height factor 5, and a normalized acceleration Ay . The mass
factor 1,,, is normalized with respect to the lightest case, the height factor
ny, is the height of an added mass h,, normalized with respect to adding
the mass at the top-floor of the structure h, and the normalized accel-
eration for the mass factor Ay, is the top floor acceleration of the frame
normalized with respect to a mass factor #,, and height factor #;, of 1.0:

T F(Mys 1)

Ps
=y = Ay = = . 18
T = T600 2 1 = N T K = Ln, = 1) (18)

2.4. Overview of simulations

The serviceability limit state is assessed in terms of peak accelera-
tions and displacements. Focus is given on the accelerations. The re-

quirements by ISO10137 [26] are applicable for the annual acceleration
and a probability factor ¢, of 0.73. Terrain category III was used for
the simulations.

The method of analysis is summarized in Fig. 4. For each unique
frame with a set of parameters, an FE analysis is carried out to compute
the stiffness matrix K, the mass matrix M, the mode shapes ¢, and the
natural eigenfrequencies of the frame f,,. Both the gust factor approach
and the generalized wind load are applied. For the generalized wind
load, the computations are repeated five times for each combination to
account for the stochastic behavior of the generated wind loads. The
main output parameters of the simulations are the top-floor accelera-
tions and displacements.

Before performing the complete set of simulations, an initial
parameter study or a sensitivity analysis, was performed to investigate
the significance of different parameters. To perform the parameter
study, a reference frame is defined with ten floors ngo,, = 10, floor
heightd = 3 m, number of bays n,, = 2, bay lengthL, = 8 m,
connection stiffness ky = 20 000 kNm/rad, beam dimensions hy x b, =
0.825m x 0.28 m, column dimensions h. x b, = 0.62 m x 0.28 m,
translational support stiffness ky, = 10'2 N/m (rigid supports), kosup =
1 N/m (pinned supports), damping ratio ¢ = 0.02, windward building
width b = 24 m, frame spacing s = 2.4 m, and surface floor load p; =
2.6 kN/m?. From the reference frame, each of the parameters are varied
individually to quantify their effect on the top floor accelerations and

Table 2
Overview of the parameters in the analysis of the effect of the location and amount of added mass in one floor.
Floors  Bays  Column Beam Beam-to- Translational Rotational Beam Floor Surface Line Mass Height
height height column stiffness  support support stiffness length height load load factor factor
b, = by, = stiffness
0.28 m 0.28 m
Nfioor Npay he hy ko kx.sup ks sup k&.sup Ly H DPs pL Mm M
- - m m Nm/rad N/m N/m Nm/rad M m N/m? kg/m — -
2 0.62 0.625 15 x 10° 6 1,2 0.3, 0.4
10 3 0.70 0.725 20 x 10 10° 10 10° 8 o0 1600 391 3.4 0.5, 0.6
; 0.78 0.825 25 % 10° h 10 ' ° 05,10
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Parameter study, top-floor accelerations
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0.1 :
!
0.05} ;
) milbiniiie Rllviindindinioiininkliallhiniinie Sulinsnhey
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Load per floor surface [N/m?]
0.1
0.05 ’r B
0 . - — ! ’
5 10 15 20 25 30
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Fig. 5. Displacements and accelerations for the gust factor approach (black dashed line) and generalized wind loading (dots). The simulations are for the reference
frame with varying one parameter at a time. The reference value for the parameter is shown with the blue solid line. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)

displacements. The varied parameters are the number of floors, number
of bays, beam dimensions, column dimensions, connection stiffness,
horizontal support stiffness, vertical support stiffness, rotational support
stiffness, damping ratio, beam length, floor height, and vertical surface
load. A total of 9540 simulations were performed in the initial parameter
study.

The parameters used in the complete set of simulations are summa-
rized in Table 1. These parameters are based on the results from the
parameter study. As seen in Table 1, the varied parameters are the

number of floors and bays, cross-sectional dimensions of the columns
and the beams, rotational stiffness of the connections, translational and
rotational stiffness of the supports, floor height and bay length, vertical
surface load or the mass on each floor, and the basic wind speed. The
parameters which are held constant are the frame spacing s = 2.4 m,
building width b = 24 m, and damping ratio ¢ = 2%. This is a common
assumption for timber although the damping of timber buildings under
service-load is a parameter that is not fully investigated yet. In this
paper, a constant damping ratio ¢ = 2% is used, based on Feldmann
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Table 3
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Qualitative observations of the trends, effects, significance, and flexibility of the different parameters on the displacements and accelerations (flexibility denotes the
freedom for the structural engineer to change the values of the parameters based on architectural plans and physical in-situ conditions). The effect is given in positive
change (+ ), and negative change (—) in the values of the accelerations and displacements).

Parameter Trend, displacements Trend, accelerations Displacements Accelerations Parameter flexibility
Effect Significance Effect Significance

Floor height Linear Exponential + High + High Low
Floor number Exponential Linear + High + High Low
Load Linear Inverse exponential + Low - High Medium
Beam stiffness Inverse exponential Inverse exponential - Medium - Medium High
Column stiffness Inverse exponential Inverse exponential - Medium - Medium High
Connection stiffness Inverse exponential Inverse exponential - High - High High
Rotational support stiffness Inverse exponential Linear - Medium - Low Medium
Horizontal support stiffness Inverse exponential Constant - Low - None Low
Vertical support stiffness Inverse exponential Inverse exponential - Medium - Medium Low
Bay number Inverse exponential Inverse exponential - High - High Medium
Beam length Linear Linear + Medium - Medium Medium
Damping ratio Inverse exponential Inverse exponential - Medium - High Low

et al. [31]. All combinations of the parameters in Table 1 are simulated,
resulting in 721 710 unique frames subjected to three different wind
loads. In total, 10.8 million simulations were performed.

After analyzing of the frames according to Table 1, a new series of
simulations is performed investigating the impact of uniform and non-
uniform mass distributions on the peak accelerations. The parameters
for these simulations are summarized in Table 2. In these series, a total
of 194 400 unique frames were computed, resulting in 972 000 simu-
lations in total.

The number of floors and bays are chosen to be within what is
thought to be a reasonable practical range. For frames with more than 10
floors, it is difficult to meet the serviceability criteria for moment-
resisting skeleton frames with semi-rigid connections. Columns with
typical dimensions and strength class GL30c from EN 14080 [40] were
assumed, so that they also satisfy the ultimate limit state. The beam cross
sections are equivalent cross sections calibrated from the composite
timber slab used in the Woodsol system [15]. The connection and sup-
port stiffnesses are based on the connections with threaded rods devel-
oped as part of the Woodsol system, where each plane of threaded rods
contribute with approximately 4000 to 5000 kNm/rad [15]. To achieve
the connection stiffnesses used in this paper, three to six planes of
threaded rods are assumed. The translational support stiffness values
represent the typical range of soil stiffnesses. The beam length is
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restricted upwards by human-induced vibrations, and downwards by
practical architectural purposes. The floor heights are typical floor
heights for buildings. The surface loads represent the mass of slabs and
live loads for different slab systems. Due to the large discrepancy be-
tween the two numerical methods used in this paper for low masses,
additional simulations were performed to investigate this further. The
wind velocities are typical for Europe.

3. Results and discussion
3.1. Initial parameter study

The results of the initial parameter study are summarized in Fig. 5. A
qualitative description of the observed trends is given in Table 3. In the
generalized wind load, each combination of the parameters is simulated
30 times to account for stochastic variability. From this parameter study,
the parameters with the highest significance on the top floor displace-
ments are the floor height, the number of floors, rotational stiffness of
the connections, and the number of bays. The parameters with the
lowest impact on the displacements are the mass in terms of load per
unit floor surface, and the horizontal stiffness of the supports. The pa-
rameters with the highest significance on the top floor accelerations are
the floor height, number of floors, mass, rotational stiffness of the

Histogram, natural frequency

(b)

(I
0 prea

0.5 1
Natural frequency f, [1/s]

1.5

Fig. 6. (a) Correlation plot between the fundamental eigenfrequency from the FE database and the predicted fundamental eigenfrequency, and (b) histogram of the
fundamental eigenfrequency from the FE database and the predicted fundamental eigenfrequency.
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connections, number of bays, and the damping ratio. The parameters
with the lowest influence on the accelerations are the horizontal and the
rotational stiffness of the supports.

3.2. Dynamic properties

3.2.1. Fundamental eigenfrequency

The power peak of turbulent winds for the simulated wind velocities
is about 0.03 Hz. Although the fundamental eigenfrequencies f;, of the
frames are low, they are still well separated from the power peak of the
wind. For some super-tall structures, the fundamental eigenfrequency f,
is in the order of 0.05 Hz [41].

Nonlinear regression on the database is performed by assuming
equations of the following form:

Yoea = [ X
pred — c i

For the fundamental eigenfrequency, the regression on the FE data-
base results in the following expression for the prediction of the
fundamental eigenfrequency f, pred:

0.22
El, 0217 0,018
c <Nba)’H_i) (N bay kO ) kx.z,sup
i
ﬁz.prcd = W )

(19)
(Nf]onrNhayLb X p) o

where ¢; is a parameter depending on the rotational stiffness of the
supports. For pinned supports, the support coefficient ¢; is 1.0. For a
semi-rigid support stiffness of 5000 kNm/rad, the support coefficient c; is
1.09. For a semi-rigid support stiffness of 10 000 kNm/rad, the support
coefficient ¢; is 1.13. The lowest correlations occur for the most flexible
frames. In Equation (19), observe that the denominator is the square
root of the total mass of the structure. This is in full agreement with the
analytical expression for the fundamental eigenfrequency of a single
degree of freedom system. If the expression is rearranged, the total
height h is the most important parameter as it is directly linked to the
flexibility of the structure. According to Equation (19), the column
stiffness and the connection stiffness affect the fundamental frequency
almost equally, but to a lesser degree compared to the height of the
building. The simulated frames show little sensitivity to the translational
stiffness of the supports. This may be attributed to the limited rigid body
behavior of the columns and a limited ability to transfer shear forces. It
is expected that structures with shear walls or structural panels that can
transfer shear forces and rotate as rigid bodies are more sensitive to the
translational stiffness of the supports.

Fig. 6 shows the correlation plot and histograms for the predicted
fundamental eigenfrequency f;, yr.q in Equation (19) against the analyt-
ical FE database obtained by modal analysis. The histogram of the
predicted fundamental eigenfrequency f; s matches the histogram of
the analytical fundamental eigenfrequency f, almost exactly. For the
correlation plot, the data points are quite narrowly distributed along the
least-squares line. The outliers are the most slender, flexible, and light
frames. To evaluate the goodness of fit, the following coefficient of
determination R? was used:

Ei(yi - ypred)2

RP=1- .
2ii—Y)

(20)
where y; is the analytical or simulated data, Yyrq is the value from the
regressions, and y is the mean value of the analytical or simulated data
Yi-

3.2.2. Mode-shape parameter
According to EN1991-1-4 [25] the mode shape of the fundamental
mode of vibration is given by:

o= (;){ 1)
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“:| (-values, all frames

Fig. 7. Histogram for the mode shape parameter of all the simulated frames.

where  is a mode-shape parameter ranging from 0.6 for slender struc-
tures to 2.5 for stiff structures. A mode-shape parameter { = 1.0 is
typically suitable for a building with a central core and peripheral col-
umns or larger columns in addition to shear bracings. A value of { = 0.6
is typically suitable for a slender structure with no load-sharing walling
or cladding. This is in good agreement with the simulated frames. The
mode shape parameter is quantified for all frames so that the mode
shape according to Equation (21) fits the FE results the best. Fig. 7 shows
a histogram for the mode shape parameter ¢ of all the simulated frames.
The mode shape parameter depends on the stiffness and mass. Observe
that the peak is concentrated at a mode shape parameter of about 0.61

It is expected that the histogram in Fig. 7 is non-smooth since the
results in the dataset themselves are discrete.

3.2.3. Frequency reduction factor

The effect of the connection stiffness on the fundamental eigenfre-
quency is investigated by following the flowchart in Fig. 4 for Table 1.
From the computations of the fundamental eigenfrequencies, a unique
fa-ke sigmoid behavior is observed. To make the sigmoid behavior of
each of the frames comparable, the fundamental eigenfrequencies f, are
normalized with respect to the fundamental eigenfrequency of a frame
with rotationally rigid connections f,. and pinned supports. The
normalized fundamental eigenfrequency f, /fn  varies from zero to 1.0.
For each unique frame, a unique sigmoid is formed. To unify all the
sigmoids, an adjusted connection stiffness kg ,q; is introduced and can be
expressed as:

may L L \"
kooi = | =2 <. 2| k. 22
Bred <n;, ErS EL | 22)

Based on the adjusted rotational stiffness of connections kg, in
Equation (22), a unified sigmoid relationship between the normalized
fundamental eigenfrequency f,/f.. and the adjusted connection stift-
ness can be observed. Based on this observation, the following sigmoid is
proposed:

Table 4

Overview of the rigidity index k, according to the support conditions.
Support condition Rigidity indexk;
Pinned (kg = 0) 0
Semi-rigid (kg = 5000 kNm/rad) 2
Rigid (kg = o) 5
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Fig. 8. The frequency reduction factor # with respect to the adjusted connec-
tion stiffness kg .qj. The three different lines are for different support conditions,
whereas the x-axis represents the connection stiffnesses in the frames.
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where k; is a support rigidity index. Equation (23) is named the fre-
quency reduction factor. The support rigidity index k; adjusts the sig-
moid, or the frequency reduction factor 5, according to the type of
support conditions on the foundations. The support rigidity index ks has
a range from zero (for pinned supports), to five (for rotationally rigid
supports). Table 4 provides an overview of the values of the rigidity
index.

By rearranging Equation. (23), the following expression is obtained:

(23)

1
oo
200

(ku.adJ +ks )n ®

Jo= (24)

The implication of this simple yet accurate expression for the
fundamental eigenfrequency, is a simple equation to determine the
fundamental eigenfrequency of a semi-rigid frame f, from the funda-
mental eigenfrequency f;, ., of a frame with rotationally rigid beam-to-
column connections. In Fig. 8, the frequency reduction factor » for
different support conditions is plotted together with theoretical values.
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The black dots indicate the data for pinned supports, the dark grey dots
indicate the data for semi-rigid supports with a support stiffness kg, of
5000 kNm/rad, and the light grey dots indicate the data for rigid sup-
ports. Observe that the normalized fundamental eigenfrequency f,/fn.c
converges to zero when the adjusted connection stiffness is very low kg ;
for pinned supports. When the adjusted connection stiffness kg ; is very
high, the normalized fundamental eigenfrequency f,/f,. converges to-
wards 1.0. The frequency reduction factor # follows the sigmoid shape of
the frames with great precision. The behavior is in agreement with the
observations by Lui and Lopes [29].

For the semi-rigid and rigid supports, observe that the normalized
fundamental eigenfrequency f,/fy or the frequency reduction factor
for semi-rigid supports 5. and rigid supports 7, does not converge to-
wards zero as for pinned supports. For the rigid support, the frequency
reduction factor 7, converges towards a value of about 0.15. For the
semi-rigid support, the frequency reduction factor 7, converges towards
a value of about 0.1. Both the semi-rigid 7, and the rigid supports 7,
converge to the same curve as the pinned supports with an increasing
adjusted connection stiffness kg ,qj. The rotational support conditions are
not of high importance for the fundamental eigenfrequency of the
frames during serviceability. The adjusted connection stiffness kg .q is
above 102 for most engineering structures, yielding a frequency reduc-
tion factor 5 of about 0.5.

3.3. Structural response

3.3.1. Accelerations

Fig. 9 shows a correlation plot and histograms of the percent bias
between the response accelerations determined by the gust factor (GF)
approach and the generalized wind load (GWL). From the correlation
plot, the gust factor approach results in overall lower accelerations than
the generalized wind load with an R? of 0.81. From the histograms, the
deviations between the gust factor approach and the generalized wind
load are larger for the lightest frames than the heavier frames. Except for
a surface load ps of 7000 N/m?, the other surface loads ps result in a
median in which the gust factor approach gives lower accelerations. In
general, for heavier frames a better agreement is observed between the
gust factor approach and the generalized wind loading methods. The
gust factor approach underestimates the results significantly compared
with the generalized wind loading for lighter frames. For the lightest
frames, a median percent bias of up to 50% is observed. From this, the
gust factor approach is nonconservative with respect to accelerations for
light frames compared with the generalized wind load.

Histogram, percent bias
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Fig. 9. (a) Correlation plot between the response accelerations determined by the gust factor approach and the generalized wind load, and (b) histograms of the
percent bias between response accelerations of the gust factor approach and the generalized wind load for different surface loads.
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Fig. 10. Correlation plots and histograms for the regression of the predicted peak response accelerations ¥,,.s for the (a) and (b) gust factor approach, and the (c) and

(d) generalized wind load.

Based on the results in Table 3, the acceleration should be a function
of the geometry, load, stiffness, and damping ratio. In this paper, a
damping ratio of 2% is chosen for the simulations. By use of nonlinear
regression, the resulting expressions for the peak response accelerations
for the gust factor approach and the generalized wind load are obtained:

- Patrbu I 42004

red = ———————— U S , 25a
XGF pred Nﬂom—NbayLb xp 2”51,{ t fn ( )
. crbu 1 _ .
Eowtpred = Palr 1507504, (25b)

NﬂoorNbayLb Xp 2”5

where S; is the normalized Kaimal spectrum in EN1991-1-4 [25]. For
the generalized wind load in Equation (25b), the predicted peak accel-
eration is assumed as the 95% percentile for a Gaussian distribution.
Observe that the exponents of the normalized wind spectrum and the
fundamental eigenfrequency are quite similar in both expressions in
Equation (25) It is assumed that the damping ratio plays an important
role for the accelerations, as suggested by the results of the initial
parametric study in Fig. 5. However, the damping ratio is not parame-
trized in this paper.

Fig. 10 shows the correlation plots and histograms for the predicted
peak response accelerations X,..q in Equation (25) against the analytical
expression for the gust factor approach, and the stochastic simulations
for the generalized wind load. In both cases, the histogram of the

11

predicted peak acceleration X,.,;x matches the analytical expression and
the stochastic simulations very well. In the correlation plots, the gust
factor approach has a narrower spread and a more gradual tail for the
higher accelerations than the generalized wind load. This observation
may be explained by the stochastic nature of the calculated response
based on the generalized wind loading method. It can be seen in the
histograms and the correlation plots that the accelerations in the gust
factor approach are lower than in the generalized wind load.

Like the expression of the predicted fundamental eigenfrequency in
Equation (19), the outliers are the lightest and most flexible frames.

1SO10137 [26] defines serviceability criteria for wind-induced vi-
brations in structures. They are based upon subjective comfort criteria
and gives the acceleration criteria with respect to the fundamental
eigenfrequency of the considered structure. Fig. 11 shows the peak
response accelerations for the gust factor approach and the generalized
wind load for different wind velocities in the form of intensity maps.
Darker colors indicate higher concentrations of simulated frames. The
more even distribution for the generalized wind load can be attributed to
stochastic variations in the generated time-series and response
accelerations.

For a basic wind velocity v, o of 22m/s, all frames in the generalized
wind load satisfy the serviceability criteria for both office and residential
structures. In the gust factor approach, the majority of the frames satisfy
the serviceability criteria. For the higher wind velocities v, o, the cloud
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Fig. 11. Peak acceleration compared to criteria for wind-induced vibrations according to ISO10137 [26] and intensity maps of the peak accelerations for the gust
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Table 5
Key metrics of the regression of the peak displacement for the gust factor
approach and the generalized wind load.

Pinned  Semi- Semi-
rigid rigid
Support stiffness ko sup Nm/rad 1 5x 10 x
10° 10°
Support Gust factor ci - 1.00 0.843 0.791
coefficient ~ approach
Generalized 0.801 0.736
wind load

3.3.2. Displacements

In this paper, only the structural response to the turbulent compo-
nent of the wind loads is simulated. Moreover, the return period of the
wind loading is one year, which is used to control wind-induced accel-
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erations. The serviceability checks for displacements or horizontal sway
and inter-story drifts are usually performed for the frequent and char-
acteristic serviceability load combinations according to EN 1990 [42],
or in other words for a higher return period than one year. Thus, the
response displacements are of little interest and are only used for model
verification. Based on nonlinear regression on the FE results, the
resulting expressions for the peak displacements are:

Ly,
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Fig. 12. Normalized acceleration Ay, with respect to the mass factor #,, for a uniform mass distribution for (a) the gust factor approach, and (b) the generalized

wind load.
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Normalized acceleration Ay, gust factor approach
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where ¢; is a support coefficient. For the generalized wind load in
Equation (26b) the predicted peak displacement is assumed as the 95%
percentile for a Gaussian distribution. The support coefficients are given
in Table 5. In Equation (26), the mean wind velocity and the geometry
are important parameters. The beam stiffness and lateral support stiff-
ness are of less importance. In both expressions, the connections’ stiff-
ness has similar exponents and is of high importance. For the gust factor
approach, the R? is about 0.92. For the generalized wind load, the R? is
about 0.86.

(26b)
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3.4. Mass distribution

3.4.1. Uniform mass distribution

Fig. 12 shows the effect of increasing the mass of frames uniformly on
all floors for the gust factor approach and the generalized wind load.
Observe that increasing the mass decreases the accelerations. When the
mass factor 7, is 1.0, the surface load is 1.6 kN/m?2. This is the lightest
case, and it corresponds to the quasi-permanent load on each floor for a
frame spacing of 2.4 m:

Ps = & T W5 4Gk, 27)
with a self-weight gy =1 kN/m?, live load gy =2 kN/m?, and the quasi-
permanent factor y, ; = 0.3. A typical frame with concrete floors will be
equivalent to a mass factor 7,, between 3.5 and 4.0 in Fig. 12.

Based on the results shown in Fig. 12, frames with heavy floors will
have an acceleration that is in the order of 40% lower on average than
the lightest timber frame, according to both the gust factor approach and
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Fig. 14. Accelerations normalized with respect to the maximum frame accel-
eration for the generalized wind load.

the generalized wind load methods. For the heaviest frame with a sur-
face load of 7 kN/m?, the reduction in accelerations is more than 50%
on average according to the gust factor approach, and more than 60% on
average for the generalized wind load approach.

3.4.2. Non-uniform mass distribution

Fig. 13 shows the effect of adding different amounts of mass 7, at
different heights 7, for the gust factor approach and the generalized
wind load, with the horizontal axis showing the mass factor #,,. The top-
floor accelerations are normalized with respect to the reference lightest
case, where no additional mass is added. In Fig. 13, all added mass will
contribute to reducing the top-floor accelerations independently of the
location, except for a height factor #;, of 1.0.

For the gust factor approach in Fig. 13, the optimal location of the
mass is surprisingly not at the top floor. Adding mass to the very top of
the structure may increase the response top-floor accelerations accord-
ing to the gust factor approach. The optimal location for the gust factor
approach is for a height factor 7, of 0.9 . For a mass factor 7,, of 5 and a
height factor 5, of 0.9, the median reduction in top-floor acceleration is
about 24%. For a mass factor 7,, of 2 and a height factor 5, of 0.9, the
median reduction in acceleration is about 3%. For the generalized wind
load, the optimal location of the mass is at the top floor with a height
factor #;, of 1.0. For a mass factor #,, of 5 and a height factor »,, of 1.0, the
median reduction in acceleration is about 24%. For a mass factor #,, of 2
and a height factor 7, of 1.0, the median reduction in acceleration is
about 9%.

Fig. 13 shows that there is a deviation between the gust factor
approach and the generalized wind load. This is the case when the mass
is added to the floor of the structure with a height factor , of 1.0. A
more detailed investigation of this deviation can be found in Cao [38].
Apart from the height factor 5, of 1.0, the gust factor approach and the
generalized wind load are in good agreement.

Fig. 14 shows normalized accelerations with respect to the floor
number for the generalized wind load. The accelerations are normalized
with respect to the maximum acceleration in each floor for different
mass factors #,,. For a mass factor 7, of 5 and a height factor , of 1.0,
the top-floor accelerations are reduced by about 24%. However, the
accelerations at mid-height are not reduced as much. From Fig. 14, the
maximum acceleration of the frame is located higher for lower mass
factors 7,,, and lower for higher mass factors. Although the location of
the maximum acceleration is shifted, the absolute value of the maximum
acceleration is still reduced compared with a uniform mass distribution.

3.4.3. Mode shapes
To investigate the effect of the location of the mass 7, the mode
shapes ¢; are evaluated qualitatively. Fig. 15 shows the six first mode
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shapes ¢; for a 10-floor frame with a mass factor #,, = 5, and a height
factor u, from 0.3 to 1.0. Again, the mode shapes for the reference
lightest case with a mass factor 7, of 1.0 are shown in Fig. 15. For the
first mode, the lower part of the building in timber structure will in
many cases have a more shear-dominated displacement pattern. This is
probably due to the limited connection stiffness, especially in the
column-to-foundation rotational stiffness.

For the second and third mode shapes ¢, and ¢5, the maximum
amplitudes are reduced if the mass is located at the peaks of the mode
shapes. However, the amplitudes can be reduced even more if the mass
is located at slightly different locations. For instance, the second mode
shape ¢, can be reduced by a magnitude of about 40% for a height factor
ny, of 0.6. For a height factor #;, of 0.3, the peak of the second mode shape
¢, is not reduced as much as for a height factor #;, of 0.6. However, the
magnitude of the second mode shape above a normalized height of 0.6 is
less severe. For the second and higher modes ¢;.,, the amplitudes of the
mode shapes are amplified for large height factors ;. For the second
mode shape ¢,, height factors above 0.7 result in an amplitude that is
almost twice as large as for the uniform mass distribution. For the third
mode shape, a height factor 7, of 1.0 gives a maximum amplitude of
more than three times that of a uniform mass distribution. For the higher
mode shapes, the maximum amplitude is consistently larger for a height
factor 17, of 1.0. However, the higher mode shapes are of less importance.

For rigid-like structures such as reinforced concrete and steel
buildings, the first mode shape ¢, is often the governing mode shape. In
the Eurocodes, only the first mode shape ¢, is used for most buildings.
For more flexible structures such as long-span bridges, the inclusion of
more mode shapes is necessary to model the dynamic response appro-
priately. Timber buildings are more flexible and lightweight than rigid-
like reinforced concrete and steel buildings, but more rigid than long-
span bridges. Thus, the dynamic response of mid- and high- rise tim-
ber buildings may necessitate the inclusion of higher modes as their
influence is magnified.

The strategic location of mass in timber structures may be a necessity
for constructing taller timber structures than today. This strategy can
readily be applied to tall timber structures to reduce the dynamic
response with active or passive masses. For the 81 m tall timber building
Mjgstérnet in Norway, the upper seven floors have 300 mm concrete
slabs acting as passive mass [13]. A uniform mass distribution can result
in reduced accelerations, as shown in Fig. 12. However, a light structure
is desired to reduce the base shear in seismic design. Therefore, a stra-
tegic location of added mass on certain floors may be a possible solution.

4. Conclusion

In this paper, the dynamic response of more than one million unique
timber frames with moment-resisting beam-to-column connections and
different parameters was investigated numerically by Finite Element
simulations. The results quantify the theoretical feasibility of frames
with respect to wind-induced vibrations under service-load. Two
methods was used to study the structural response, namely the gust
factor approach and dynamic analysis by use of generated time-history
wind loading. Simplified expressions for the fundamental eigenfre-
quency, the maximum response acceleration, and the maximum
response displacement were proposed based on nonlinear regression on
the obtained FE results. Moreover, a novel frequency reduction factor
was developed. Finally, the effect of uniform and non-uniform mass
distributions on the response accelerations was investigated.

The frequency reduction factor shows that there is a sigmoid rela-
tionship between the connection stiffness and the fundamental eigen-
frequency. For the response accelerations, the gust factor approach may
yield nonconservative results compared with the generalized wind load,
especially for lighter frames. For a basic wind velocity of 22 m/s and a
single-year return period, all the simulated frames satisfy the service-
ability criteria of 1SO10137 [26]. For the higher wind velocities of
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Fig. 15. Mode shapes for various height factors #,, and a mass factor 7, of five.

26 m/s and 30 m/s, most of the simulated semi-rigid frames satisfy the
criteria.

The response accelerations can be reduced considerably by uni-
formly increasing the mass of the frames. If a more mass-efficient
method is deemed necessary, non-uniform mass distributions can be
applied with additional mass at the top or at intersecting mode shape
maxima. By increasing the mass uniformly from 1.6 kN/m? to 7 kN/m?
in terms of surface load per floor area, the top-floor response accelera-
tions can theoretically be reduced by 50% based on median values. For
the most favorable non-uniform mass distribution in this paper, the top-
floor response accelerations can be reduced by approximately 25%.
Although top-floor accelerations were reduced considerably, the loca-
tion of maximum acceleration was redistributed to other places in the
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buildings. Thus, introducing a second or third passive mass at strategic
points can be beneficial for the overall wind performance of the
building.

The proposed nonlinear expressions for the response accelerations,
fundamental eigenfrequency, and the frequency reduction factor pro-
vide a simplified method for estimating the structural response and
properties. The results presented in this paper show that semi-rigid
frames are theoretically feasible for buildings with up to 10 floors
with uniform mass distributions. For non-uniform mass distributions,
even taller structures complying with the serviceability criteria can be
designed and built.

A major limitation and topic for future work is the experimental
validation of the numerical results in this paper. Special attention should
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be given to the discrepancy between the two numerical methods used in
this paper to assess the dynamic response of timber structures. Other
future work include similar analyses for other types of timber buildings
such as CLT buildings, hybrid buildings with concrete cores, braced
systems and more.
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