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Snowfall is one of the environmental factors that can cause effects on the identification of structural modal parameters. For the
steel structure roof of the Harbin Railway Station, effects of snow load to the modal parameters were investigated. A single-span
simply supported beam was analysed from the theoretical perspective to study the principles. FEM-based analyses were conducted
for the steel structure roof to illustrate the significance of the snow load effects to modal parameters. Uniformly and nonuniformly
distributed snow loads were regarded as the essential factors influencing modal frequencies and mode shapes. Monitoring
response data are collected and analysed to confirm the accuracy of analytical results. It is concluded that snowfall-induced
variations on structural stiffness and mass matrices reduce the modal parameters and alter the mode shapes. (e differences
between the change regulations of the various modes are closely related to the distributions of snow loads. (e theoretical and
numerical analytical results are validated to be feasible and credible using temperature, axial strain, and acceleration mea-
surements from the Harbin Railway Station field monitoring system.

1. Introduction

Over the past thirty years, damage identification has been
focused on the structural health monitoring (SHM) field. Due
to advances in sensor technology, integrated structural health
monitoring system can be more widely used to improve the
reliability, durability, longevity, system performance, and
safety of a structure that could potentially be affected by
natural disasters and accidental damage [1]. Furthermore,
based on many proposed damage identification methods, the
identification of modal parameters through vibration re-
sponse data has been widely used in damage detection, de-
velopment of early warning systems and safety assessments of
actual structures. Nevertheless, environmental factors can
deter the application of these methods, which can obstruct the
identification of modal parameters and reduce the reliability
of SHM. Specifically, environmental factors such as snow,
wind, temperature, freeze, and thaw conditions alter the
response of structures and thus impeding reliable damage
identification. (erefore, it is of great interest to study the

responses of structures under environmental factors and the
mechanisms that cause these responses.

Study on responses of a long-span spatial structure
caused by snowfall has always been a major research project
and attracted worldwide attention from scientists in relevant
fields. Snowfall can increase the structural burden, alter the
dynamic response of the structure, and increase the difficulty
of damage identification. In the 1990s, Majowiecki studied
the design methods of long-span subhorizontal structures
under snow loads through experimental analysis and noted
that the most important factors were the drift and accu-
mulation factors of the snow load. Additionally, the mon-
itoring of actual structures was proposed by Majowiecki as
a method of controlling the subsequent structural behaviour
and improving design methods and theoretical analysis [2].
However, monitoring of actual structures is a long-term and
complex work. Significant parameters associated with snow
load, such as the total mass, thickness, density, viscosity, and
distribution, usually differ based on the region and local
weather patterns. Furthermore, the associated effects can
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greatly vary based on the actual forms of structures.
(erefore, it is difficult to develop a research method that
can be applied to different types of structures.

As a significant environmental factor, snowfall often
causes damage to long-span spatial structures.(erefore, the
past main emphasis of the research is more concentrated in
the load-bearing capacity and static responses of structures
under snow loads. A large number of studies have exten-
sively investigated the distribution of the snow load in
different regions based on numerical and experimental
methods. Originally, snow load was considered as the
product of a ground load and a dimensionless ground-to-
roof conversion factor. In 1985, Ellingwood and O’Rourke
proposed probability models for ground snow accumulation
and the ground-to-roof conversion factor [3]. Over time,
additional factors of influence, such as wind, have been
considered. By verifying previous research and analysing
windward roof step data, O’Rourke and De Angelis justified
the rationality of the consideration of windward drifting and
verified the reliability of the proposed method [4].
Meløysund et al. suggested improvements to calculations of
wind exposure for roof snow loads in Norway by de-
termining exposure coefficients based on data from mete-
orological stations [5]. However, research on distributions
cannot reflect the dissimilar responses caused by snow load
to different structural types. Subsequently, analytical studies
of snow load effects have been performed for certain
structural types. Using the linear thin-shell theory of
Sanders, Plaut et al. proposed an analytical solution for the
initial stress on an arbitrary arch centerline structure under
snow and wind loading [6]. Holicky and Sykora proposed
a safety design procedure for lightweight steel roofs exposed
to snow loads and calculated the 3 associated reliability
indexes [7]. Additionally, based on the load-bearing capacity
status and the failure on actual structures, a number of
studies of the effects of snow loads on specific structures have
been published and serve as references for related analysis
methods. Lazzari et al. proposed nonlinear dynamic analysis
methods considering the static and dynamic effects of wind
and snow on the roof of Montreal Olympic Stadium to assess
the associated structural behaviour [8]. Using a football
stadium roof in Poland as an example, Flaga et al. obtained
new similarity criteria numbers considering dispersion
theory and factors such as snow precipitation and re-
distribution [9]. Additionally, del Coz Dı́az et al. conducted
a failure assessment based on sophisticated nonlinear finite
element models to discuss the collapse of a self-weighted
metallic roof [10]. Based on the Euler-Euler method in
multiphase flow theory, Sun et al. presented a numerical
simulation method combined with a snow deposition and
erosion model to analyse the mechanical performance of
a long-span membrane roof under a snowdrift [11].

As described above, for long-span spatial structures,
studies of the responses under snow loads have mainly been
performed from a static perspective. (e distribution of snow
loads and the load-bearing capacity of the structures under its
action have been widely investigated. However, research re-
garding dynamic responses is not comprehensive. For the
SHM area, using dynamic response data for modal parameter

identification is of great significance. Modal parameters are
often used as judging factors for damage identification and
condition assessment of long-span spatial structures. Research
on the changes of modal parameters caused by snow loads is
helpful to the safety assessment of long-span spatial structures.
Furthermore, studies on this topic can reduce the impact of
snowfall and improve the accuracy and reliability of damage
assessment based on SHM. (erefore, in this paper, effects of
snow load on modal parameters of the steel structure roof
from theHarbin Railway Station are analysed.(e next section
explains the principle of effects caused by snow loads onmodal
parameters. In Section 3, analytical investigations of the steel
structure roof under uniformly and nonuniformly distributed
snow loads are performed.(emonitoring results are reported
in Section 4, and the conclusions are summarized in Section 5.

2. Investigation on Principles of Snow Load
Effects on Modal Parameters

Snowfall covers the roof of long-span spatial structures and
transfers the load to structures. As a result, it not only in-
fluences the load-bearing capacity but also alters the stiffness
matrix andmass matrix of the structure. However, due to the
indeterminacy and temporal variations, it is complex and
difficult to monitor the effects of snow load on modal pa-
rameters. Considering these reasons, it is difficult to develop
snow load models in practice, even for specific structures. To
investigate the relationships between snow load factors and
modal parameters, a single-span simply supported beamwas
selected for analysis as a fundamental mechanical model.

(e roofs of spatial structures are covered with uni-
formly or nonuniformly distributed snow loads. Because the
snow load is not part of the structure, it is grouped with the
roof panels in force analyses. When roof panels are con-
tinuously supported by structural members, the snow load,
via the roof panels, can alter the force state on these
members. For a single-span, continuous, equal cross-
sectional beam with length l, modulus of elasticity E, sec-
ond moment of area J, density ρ, and axial force T (a positive
value represents a tensile force), the crosswise vibration
equation can be expressed as follows [12, 13]:

EJ
z4y

zx4 −T
z2y

zx2 + m
z2y

zt2
� q, (1)

where y is the transverse displacement over time t at po-
sition x along the span, m is the linear density, and q is the
transverse distributed load.Without considering the effect of
damping, the transverse vibration frequency of the n-th
mode is given by the following equation [14]:

fn �
nπ
l

��������������
EJ

ρ
1 +

Tl2

n2π2EJ
 



. (2)

According to Equation (2), assuming that the snow load is
uniformly distributed, the relationship between the transverse
vibration frequency fn and density ρ can be expressed as
fn∝ 1/

�ρ√ . In other words, the modal frequency decreases
with increasing snow load, and the rate of reduction gradually
decreases.
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When the roof panels are supported by uniformly dis-
tributed junctions of the structure, it is more accurate to
regard the snowfall as centralizedmasses at certain positions.
Nevertheless, the positions and characteristics of each
concentrated mass have di�erent e�ects on the modal pa-
rameters of structures. Furthermore, concentrated masses at
some speci�c positions can have distinct e�ects on certain
modes [15]. In this case, a simple supported beam with one
concentrated mass M can be used as an example. Based on
Equation (1) and the boundary conditions for a simple
supported beam, the transverse principal vibration equation
of the n-th mode can be written as follows:

yn(x, t) � An sin
nπ
l
x( ) · sin ωnt + φn( ), (3)

where An is modal vibration amplitude of the n-th mode, ωn
is the circular frequency, and φn is the initial phase at time t.
Assuming that the concentrated mass is located at the an-
tisymmetric vibratory position of a certain mode, as shown
in Figure 1, the boundary conditions can be represented as
follows:

yn(b, t) � 0, (4)

z2yn(b, t)
zx2

� 0. (5)

Substituting Equation (4) and (5) into Equation (3)
yields the following expressions:

An sin
nπ
l
b( ) · sin ωnt + φn( ) � 0, (6)

−
n2π2

l2
An sin

nπ
l
b( ) · sin ωnt + φn( ) � 0. (7)

According to Equation (6) and Equation (7),
nπb/l � kπ(k � 1, 2, 3 . . .). For a concentrated mass M, the
inertial force of transverse motion provided by the simple
supported beam can be formulated as follows:

1
2
M

z2y(b, t)
zt2

[ ]
max

�


1
2
M · An sin

nπ
l
b( ) · −ω2

n( )

· sin ωnt + φn( )



max

≡ 0.

(8)

Equation (8) indicates that no transverse vibration oc-
curs for concentrated mass M when arranged at the anti-
symmetric vibration positions of certain modes. In other
words, the e�ect of the concentrated mass M does not in-
�uence this speci�c mode.

When one or several concentrated masses are arranged
at ordinary positions along the simple supported beam, the
associated calculations can be extremely complicated [16].
�erefore, a multiple-degree-of-freedom simpli�ed model is
developed to illustrate the inner relationships, as shown in
Figure 2(a).

In this study, the �rst seven modal frequencies and mode
shapes of the simpli�ed models are calculated using the
subspace iteration method. For an undamped transverse

vibration system with multiple degrees of freedom, the vi-
bration equation can be represented as follows [17]:

M€x + Kx � 0, (9)

whereM and K are the mass and the sti�ness matrices of the
system, respectively. For the simpli�ed model shown in
Figure 2(a), the mass matrixM can be represented as follows:

M �
mL

8

1 0 0 0 0 0 0

0 1 0 0 0 0 0

0 0 1 0 0 0 0

0 0 0 1 0 0 0

0 0 0 0 1 0 0

0 0 0 0 0 1 0

0 0 0 0 0 0 1





, (10)

where mL represents the total mass of the simpli�ed model.
For a multiple-degree-of-freedom system, the �exibility
matrix δ is the inverse matrix of the sti�ness matrixK, which
can be represented as follows:

K−1 � δ �
l3

12288EJ

49 81 95 94 81 59 31

81 144 175 176 153 112 59

95 175 225 234 207 153 81

94 176 234 256 234 176 94

81 153 207 234 225 175 95

59 112 153 176 175 144 81

31 59 81 94 95 81 49





,

(11)

where l is the length, E is the modulus of elasticity, and J is
the second moment of the area of the simpli�ed model.
Based on the subspace iteration method, the calculation
results of �rst seven mode shapes without concentrated
masses are shown in Figure 3.

As shown in Figure 2(b), the modal parameters of the
simpli�ed model with a single concentrated mass are in-
vestigated.�e concentrated massM varies within a range of

b

M

Antisymmetric vibratory position

M

Figure 1: Transverse antisymmetric vibration of the simple sup-
ported beam.
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Figure 2: �e simpli�ed model: (a) preliminary model; (b) model with 1 concentrated mass; (c) model with 3 concentrated masses; (d)
model with 4 concentrated masses; and (e) model with 7 concentrated masses.
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Figure 3:�e �rst sevenmode shapes of the simpli�edmodel: (a) the 1st mode; (b) the 2ndmode; (c) the 3rdmode; (d) the 4thmode; (e) the
5th mode; (f ) the 6th mode; and (g) the 7th mode.
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0.0125mL to 0.125mL. Considering the symmetry of the
simplified model, the concentrated mass is considered at
positions 1 to 4. (e variations in the first seven modal
frequencies are shown in Figure 4.(e mode shape variations
corresponding to the orders with significant and insignificant
changes on frequencies are shown in Figure 5. (e modal
frequencies decrease as the concentrated mass increase, and
the rate of decline progressively slows. Notably, this result is
consistent with that for a continuously additional mass, as
shown above. Variations in different modal frequencies differ
as the position of the concentrated mass changes. As dis-
cussed above, locating the concentrated mass near the anti-
symmetric vibratory position of a certain mode causes little
change in modal parameters. Conversely, when the con-
centrated mass is arranged at the high-amplitude positions of
certain modes, the associated effects are larger. (ese results
are supported by the calculations, taking the 4th and 7th
modes as examples. Based on the mode shapes shown in
Figure 3, position 1 is the position with the highest amplitude
for the 4thmode and locates near the antisymmetric vibratory
position for the 7th mode. (us, the 4th modal frequency
visibly changes along with the increasing concentrated mass,
whereas the 7th modal frequency changes insignificantly.
Correspondingly, an equivalent phenomenon can be ob-
served for the mode shapes shown in Figure 5(a). Comparing
these two mode shapes, that of the 4th mode changes more
than that of the 7thmode. Additionally, changing the position
of the concentrated mass also has analogous effects on certain
modes. Figures 5(b)–5(d) show the most and least significant
changes in the mode shapes when the concentrated mass is
arranged at positions 2, 3, and 4. And the similar changing
trends can also be observed for the corresponding modal
frequencies, as shown in Figures 4(b)–4(d). (ese results
indicate that the different changes among different modes are
largely based on the distribution of the concentrated mass.

To illustrate the effects of multiple concentrated masses,
simplified models with several concentrated masses are
analysed, as is shown in Figures 2(c)–2(e). (e first seven
modal frequencies of the simplified models with three, four,
and seven concentrated masses are shown in Figure 6. (e
mode shape variations corresponding to the orders with
significant and insignificant changes on frequencies are shown
in Figure 7. Although the total mass of the simplified model is
increased, the difference caused by concentrated masses
among the positions decreases. (us, diversities of variations
among the first seven frequencies are less obvious. In other
words, the effects caused by the distribution of the concen-
trated mass gradually become weak, and it can be proved by
the calculation results shown in Figure 6. (e changes in the
modal frequency are more and more similar to those caused
by changing density, as discussed above.(is result reflects the
mutual agreement between these two theoretical analysis
methods. Furthermore, a corresponding phenomenon can be
observed for variations inmode shapes. For instance, although
the 3rd modal frequency showed the most significant change,
the 3rd mode shape did not show quite obvious variation, as
shown in Figure 7(a). For the 4th mode, the three concen-
trated masses are arranged at antisymmetric vibratory posi-
tions. So the mode shape is virtually unchanged. For the

simplified model with arranged concentrated masses on every
multiple-degree-of-freedom, the varying modal frequencies
overlap, as shown in Figure 6. It shows no diversities in the
change regulation of modal frequencies among different
modes. In this case, the effects caused by the distribution of
concentrated masses no longer exist, i.e., the effects on modal
parameters can be regarded as density variations and have no
effect on mode shape, as illustrated by the 7th mode shape in
Figure 7(c). In addition, when four concentrated masses are
distributed, the 4th mode shape of the simplified model re-
mains unchanged despite the significant variation in themodal
frequency, as shown in Figure 7(b). For the 4thmode, the three
positions without concentrated masses are the antisymmetric
vibratory positions. (us, the effects of the four concentrated
masses on the 4th mode equate to the effects of seven con-
centrated masses. (is result is supported by the similar
variations of 4th modal frequencies in Figure 6(b)–6(c). It can
be inferred that the degree of change in modal parameters is
closely related to the differences among the positions caused by
additional concentrated masses.

When regarding the snowfall as changing density of the
simplified model or additional concentrated masses, the
investigation results all show that the modal frequencies
decrease at a decreasing rate along with increasing snow
loads. Moreover, it can be deduced that changes of mode
shapes are closely related to the distribution of snow load
and the degree of change in themass and stiffness matrices of
the structure caused by the snow load. It should be noted
that in this section, a simplified model with 7 degrees of
freedom is created for simplicity. In reality, the number of
degrees of freedom can be increased for further verification.
Additionally, the damping ratio is a factor that is as im-
portant as the frequency and mode shape. However, to
simplify the analysis process, it is not included in this study.

3. Analysis of Snow Load Effects on the Steel
Structure Roof of Harbin Railway Station

3.1. Descriptions of the Structure and the Local Climate.
(e Harbin Railway Station is built in Harbin, Heilongjiang
Province, which is known as one of the largest trans-
portation hubs in Northeast China. An overall perspective of
the railway station is shown in Figure 8. (e roof of the train
elevated station is constructed using a steel structure roof
with dimensions of 162.15m× 72m× 13.25m. (e con-
struction of the steel structure roof is divided into two phases
and the completed first phase structure has dimensions of
69.75m× 72m× 13.25m.

(e steel structure roof is composed of transverse
principal trusses and transverse secondary trusses arranged
along the longitudinal direction, and these transverse trusses
are together connected through longitudinal trusses. (e
completed first phase structure consists of 10 transverse arch
trusses and 4 longitudinal vertical trusses, as is shown in
Figure 9(a)–9(c). According to Figure 9(d), the trusses are
composed of top chords, bottom chords and web members,
which all constructed by steel pipes. (e web members
connect the top chords and the bottom chords to form the
arched transverse trusses and the straight longitudinal
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Figure 4: Frequency variations of the simpli�ed model with 1 additional concentrated mass: (a) 1 concentrated mass on position 1; (b) 1
concentrated mass on position 2; (c) 1 concentrated mass on position 3; and (d) 1 concentrated mass on position 4.
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Figure 5: Mode shape variations of the simpli�ed model with 1 additional concentrated mass: (a) 1 concentrated mass on position 1; (b) 1
concentrated mass on position 2; (c) 1 concentrated mass on position 3; and (d) 1 concentrated mass on position 4.

–20

–15

–10

–5

0

1st mode
2nd mode
3rd mode
4th mode

5th mode
6th mode
7th mode

Fr
eq

ue
nc

y 
va

ria
tio

n 
(%

)

Concentrated mass (M/mL)
0.000 0.025 0.050 0.075 0.100 0.125

(a)

1st mode
2nd mode
3rd mode
4th mode

5th mode
6th mode
7th mode

–30

–24

–18

–12

–6

0
Fr

eq
ue

nc
y 

va
ria

tio
n 

(%
)

Concentrated mass (M/mL)
0.000 0.025 0.050 0.075 0.100 0.125

(b)

1st mode
2nd mode
3rd mode
4th mode

5th mode
6th mode
7th mode

0.000 0.025 0.050 0.075 0.100 0.125
–30

–24

–18

–12

–6

0

Fr
eq

ue
nc

y 
va

ria
tio

n 
(%

)

Concentrated mass (M/mL)

(c)

Figure 6: Frequency variations of the simpli�edmodel with several additional concentratedmasses: (a) 3 concentratedmasses on position 2,
4, and 6; (b) 4 concentrated masses on position 1, 3, 5, and 7; and (c) 7 concentrated masses on every position.
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trusses. �e whole structure is mounted on the concrete
structure of the lower part through horizontal elastic sup-
ports and vertical rigid supports.

As a metropolis in northeastern China, Harbin has an
annual temperature di�erence at around 70°C. �e tem-
perature can be as low as −35°C in winter. As mentioned
above, environmental factors such as snowfall, wind,

temperature, freeze, and thaw conditions alter the response
of structures and change the modal parameters. In reality,
wind is slight at Harbin and the e�ects to the Harbin Railway
Station can be ignored. Additionally, according to the
temperature variations of the steel structure roof shown in
Figure 10, the maximum temperature di�erence from 1 Sep.
2017 to 31 Dec. 2017 is less than 10°C and the diurnal
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Figure 7: Mode shape variations of the simpli�ed model with several additional concentrated masses: (a) 3 concentrated masses on position
2, 4, and 6; (b) 4 concentrated masses on position 1, 3, 5, and 7; and (c) 7 concentrated masses on every position.
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Figure 8: Harbin railway station.
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temperature difference is less than 2°C. (e temperature
difference between the top and bottom chords is less than
1°C. Due to such insignificant temperature variations, it can
be illustrated that the steel structure roof is almost unaffected
by the ambient temperature. (erefore, the snowfall be-
comes the main factor for alterations of modal parameters.

3.2. FEM Analysis of the Structure. For the completed first
phase of the steel structure roof, the FEM model was
established through ANSYS, as shown in Figure 11. As
a three-dimensional beam element, beam-188 element is
suitable for analysing slender to moderately stubby or thick
beam structures. Accordingly, 190,098 beam-188 elements
were established to simulate all of the top chords, bottom
chords, and web members of the structure. (e combin-14

element contains the longitudinal spring-damper option and
the torsional spring-damper option, which can provide
longitudinal or torsional capability, respectively. So, 120
combin-14 elements were established to simulate the elastic
supports. For the nonstressed components such as suspended
ceilings and roof panels, they transfer their own loads to the
steel structure roof. Because they are supported by uniformly
distributed junctions on the top and bottom chords, it is more
reasonable to consider them as additional concentrated
masses. For mass-21 element, it can assign a different mass
and rotary inertia to each coordinate direction. (erefore, all
of the nonstressed components are simulated as centralized
masses through 1830 mass-21 elements.

Due to the insignificant effects caused by wind and
temperature to the steel structure roof, only the constant
load of the structure and the nonstressed components are
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Figure 9: (e completed first phase of the steel structure roof: (a) the arrangement of transverse trusses and longitudinal trusses; (b) the
transverse trusses; (c) the longitudinal truss; and (d) the top chords, bottom chords, and web members.
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considered. Without consideration of the snow load, the
calculation results of the �rst 60 modes of modal frequency
using the FEM at the reference ambient temperature (20°C)
are shown in Figure 12. As a complex spatial structure, every
degree of freedom of the steel structure roof has approxi-
mately identical mass and sti�ness. �us, the structure has
closely spaced natural frequencies. Additionally, due to the
actual form of the structure, sti�ness and mass matrices on
transverse, longitudinal, and vertical directions are quite
di�erent. �erefore, according to the �rst six mode shapes
shown in Figures 13–18, distinctions on the sti�ness and
mass matrices make the three directions become the main
vibration directions. �e X, Y, and Z axes, respectively,
represent the transverse, longitudinal, and vertical di-
rections. �e calculated modal frequencies and mass par-
ticipation factors (MPF) for the �rst 6 modes are shown in
Table 1. For the 1st mode with a mode shape of longitudinal
vibration, the MPF has fairly large value on y direction
(longitudinal). Additionally, as a mode of transverse vi-
bration, the MPF values of the 2nd, 3rd, and 6th modes on x

direction are larger as well. Similarly, the MPF values of 4th
and 5th modes also have larger values on z direction because
they are vertical vibrations. �e correspondence between
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mode shapes and the MPF values re�ects the accuracy of the
calculation results.

3.2.1. Analysis of a Uniform Snow Load Distribution
Condition. In this subsection, �nite element model (FEM),
static and dynamic analyses of the structural elastic stage

were conducted. According to the discussion above, it can be
determined that the snowfall is the only environmental
factor with signi�cant in�uence to the steel structure roof.
Consequently, in addition to the constant load of the
structure, only the e�ects of snow load on the �rst six modal
parameters are considered. �e other in�uential factors,
such as the foundation, wind, and ambient temperature, are
assumed to be invariable due to their insigni�cant e�ects.

Based on the load transfer mode of the steel structure
roof, the weights of roof panels and snowfall are transferred
to the roof through purlins. �e purlins are �xed at certain
locations on the top chords, as shown in Figure 19. So, the
snowfall is considered as multiple concentrated masses.
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Figure 14: �e 2nd mode shape (transverse).
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Figure 15: �e 3rd mode shape (transverse).
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Figure 16: �e 4th mode shape (vertical).
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Figure 17: �e 5th mode shape (vertical).

z
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y

Figure 18: �e 6th mode shape (transverse).

Table 1: �e mass participation factors of the �rst 6 modes.

Modes Frequency
(Hz)

MPF
(x direction)

MPF
(y direction)

MPF
(z direction)

1 1.868 5.7502e− 7 0.088211 2.9071e− 3
2 2.1515 0.13824 2.0175e− 05 9.2569e− 6
3 2.4782 0.043337 1.3335e− 05 1.1031e− 5
4 2.6548 1.3547e− 5 0.051783 0.15724
5 2.8389 1.7101e− 6 0.033359 0.043044
6 3.301 0.033303 4.0892e− 05 1.2661e− 3
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It is assumed that the snowfall is uniformly distributed
on the roof panels. Based on the reference of GB50009-2012
(Load Code for the Design of Building Structures) [18], the
ground snow loads in Harbin with a return period of 100
years is 0.5 kN/m2. So, in FEM of the steel structure roof, the
snow load varies from 0 kN/m2 to 0.5 kN/m2, with an in-
terval of 0.025 kN/m2. �e total mass of the snow load is
equivalent to 22.1% of the structure weight. Because neither
roof panels nor the snow is a force member, it is feasible and
reasonable to treat them as additional concentrated masses.

As the snow load is varied, the structural internal forces
are redistributed and can be re�ected through axial force.
Figure 20 shows the curves of axial force variations for three
typical elements around the span center with a snow load
(element 160157 and 179795 are top and bottom chords,
respectively, and element 76067 is a web member, as is shown
in Figure 21). �e �gure illustrates a linear relationship be-
tween the variations in the axial force and the snow load,
which suggests that structural internal forces consistently
increase along with the increasing snow load. Additionally, as
the snow load is directly transferred to the top chords, the
element on top chord exhibit the most signi�cant change.
Notably, changes in the axial force all vary by approximately
20%, as shown in Figure 20, because the total mass of the snow
load is equivalent to 22.1% of the structure weight. Conse-
quently, these results suggest that the change of stress status of
the steel structure roof shows positive proportional re-
lationship with the increments of snow load.

As a complicated space truss, the modal parameters of the
steel structure roof are largely in�uenced by the actual form of
the structure. Figure 22 shows negative relationships between
the �rst six modal frequencies and the snow load. As discussed
above, along with the increase in number of concentrated
masses, the e�ects of the masses on the modal frequencies are
similar to density changes. Due to the dense and uniform
distribution of purlins shown in Figure 19, the snow load can
be considered as a change in the density of top chords, as
supported by the similar change trends in the modal fre-
quencies illustrated in Figure 22. Because of the diversity in the
sti�ness and mass matrices in di�erent directions, changes in
certain modal frequencies caused by snow load di�er. As
a result, the 1st, 4th, and 5th modal frequencies exhibit rel-
atively small reductions compared to those of the 2nd, 3rd, and
6th modes. For the �rst mode, which exhibits the most

insigni�cant change in modal frequency, the mode shape
shown in Figure 13 is a longitudinal vibration. �e studied
steel structure roof has the largest span in the longitudinal
direction, and the integrity of the structure is strengthened by
four longitudinal trusses. �us, due to the high structural
sti�ness, the e�ects of the snow load are insigni�cant and do
no visibly in�uence to the 1st modal frequency. Additionally,
the steel structure roof has a fairly high sti�ness in the direction
of gravity. �erefore, because the 4th and 5th modes are
vertical vibrations, the e�ects of the snow load on the asso-
ciated modal frequencies are not obvious. By contrast, the
transverse sti�ness of the structure is mainly supplied by the
four longitudinal trusses. Consequently, this structure has
a comparatively low sti�ness in the transverse direction.
�erefore, modal frequencies of the 2nd, 3rd, and 6th modes
exhibit signi�cant variations in their transverse vibrations.
Additionally, the 2nd and 3rdmodes have similarmode shapes
because the roof panels on the 10th truss were not installed for
the convenience of further construction.�us, the snow load is
not applied to these panels, which results in di�erences be-
tween the mass matrix of the 10th truss and those of other
trusses.�erefore, due to the local mass di�erences on the 10th
truss, two modes with similar mode shapes and modal fre-
quencies were produced. As discussed above, the degree of
sti�ness and mass variations caused by snow load is an im-
portant factor that in�uences variations in modal frequencies.

Additionally, mode shapes are important modal pa-
rameters that should be investigated. To quantify the vari-
ations in mode shapes, the Modal Assurance Criterion
(MAC) is used as an index to evaluate the changes in mode
shapes. �e MAC can be de�ned as follows [19]:

MAC φi,φj( ) �
φi,φTj( )

2

φi,φTi( ) · φj,φTj( )
, (12)

where φi and φj are the mode shapes of modes i and j,
respectively. �e MAC values in three di�erent directions are
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calculated as shown in Figures 23–25. According to the
calculation results, theMAC values decrease at a growing rate,
which suggests that variations in the mode shapes become
increasingly obvious as the snow load increases. Corre-
sponding to the changes of modal frequencies, changes in
MAC values are more signi�cant for the 2nd, 3rd, and 6th
modes than the 1st, 4th, and 5th modes. �is �nding reveals
that large variations in sti�ness and mass in certain directions

caused by snow load can cause signi�cant variations in mode
shapes as well. Additionally, as shown in Figures 24 and 25,
changes in MAC values in the vertical and longitudinal di-
rections with high sti�ness are smaller than those in the
transverse direction.�is result indicates that variations of the
mode shapes on di�erent directions are closely related to the
corresponding sti�ness. Notably, the MAC value of the 6th
mode shape exhibits the most signi�cant changes in every

#160157 

#179795 

#76067 

(a)

(b)

(c)

(d)

Figure 21: Layouts of element 160157, element 179795, and element 76067: (a) positions of the 3 chosen elements; (b) element 160157 (top
chord); (c) element 179795(bottom chord); and (d) element 76067 (web member).
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Figure 22: Frequency variations under uniformly distributed snow load: (a) the 1st, 4th, and 5th modes; and (b) the 2nd, 3rd, and 6th modes.
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direction. �is �nding suggests that high modes with com-
plicated mode shapes are more sensitive to the e�ects of the
snow load. Additionally, the MAC values of the 2nd and 3rd
modes exhibit similar variations due to their similar mode
shapes. Overall, snow load a�ects modal parameters by
changing the sti�ness and mass matrices of the structure.

3.2.2. Analysis of a Nonuniform Snow Load Distribution
Condition. As an external environmental load, the form and
distribution of snowfall will change over time and become
increasingly complex. �e e�ects of wind, temperature, and
freeze-thaw cycles can change, thereby in�uencing the
distribution of the snow load. Consequently, this subsection

focuses on the variations in modal parameters under the
e�ects of a nonuniformly distributed snow load. For the steel
structure roof of the Harbin Railway Station, the snowfall
distribution will change over time. According to the ref-
erence of GB50009-2012 [18], the snow load on an arched
roof can be calculated based on Figure 26.�e snow pressure
μr,m can be expressed as follows:

μr,m � 0.2 +
10f
l
, μr,m ≤ 2.0( ). (13)

To investigate the variations in modal parameters under
uniformly and nonuniformly distributed snow loads, the
total mass of the snow load is held constant.
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Figure 23: MAC values of the mode shapes on transverse direction under uniformly distributed snow load: (a) the 1st, 4th, and 5th modes
and (b) the 2nd, 3rd, and 6th modes.
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(b) the 2nd, 3rd, and 6th modes.
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Due to the nonuniform distribution of the snow load,
changes in axial forces will have di�erent results.
According to Figure 27, despite the constant total mass of
snow load, the axial forces on the typical elements of the
top chord, bottom chord, and web members increase to
various levels. Because the snow load is concentrated in
the middle portion of the trusses, the load-bearing burden
of the force members increases at the span center. �us,
the axial forces on the top chord and bottom chord
changes in small increments at around 5%. Additionally,
the axial forces on typical elements of the web members
signi�cantly increase by more than 65%. For the studied
steel structure roof, the web members transfer the snow
load from the top chord to bottom chord. �erefore, the
local load-bearing variations associated with the top and
bottom chords can drastically in�uence the correspond-
ing web members. As a result, the responses of typical
elements signi�cantly increase.

Due to the close relationship between modal parameters
and structural sti�ness and mass matrices, changes in the
distribution of the snow load can result in di�erent variations.
Figure 28 shows the variations in the �rst six modal fre-
quencies for a nonuniformly distributed snow load. Com-
pared above, the �rst six modal frequencies exhibit similar
change trends under uniformly and nonuniformly distributed
snow loads. It is noteworthy that because of the nonuniform
distribution, the snow load on the exact center positions of the
trusses is reduced. For the 1st, 4th, and 5th modes, the exact
center position of the trusses includes high-amplitude posi-
tions according to Figures 13, 16, and 17. Consequently, the
1st, 4th, and 5th modes shown in Figure 28 exhibit at least
two-fold reductions compared with those shown in Figure 22.
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Figure 25: MAC values of the mode shapes on longitudinal direction under uniformly distributed snow load: (a) the 1st, 4th, and 5thmodes
and (b) the 2nd, 3rd, and 6th modes.
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In contrast, the nonuniformly distributed snow load has little
e�ect on the transverse sti�ness and mass matrices. As a re-
sult, the modal frequencies of the 2nd, 3rd, and 6th modes
barely change. In summary, the di�erent change regulations
of modal frequencies under uniformly and nonuniformly
distributed snow loads are the result of the internal changes
on sti�ness and mass matrices.

Compared to the modal frequencies, variations in the
mode shapes are more closely related to internal di�erences
in the structural sti�ness and mass matrices. For the steel
structure roof, variations of sti�ness and mass matrices at
di�erent positions caused by the nonuniformly distributed
snow load are more signi�cant. As a result, the MAC values
of di�erent modes changed compared above. Figures 29–31
exhibit variations in MAC values in di�erent directions for
a nonuniformly distributed snow load. �e variations in
MAC values for the �rst six modes are mostly more obvious
than those shown in Figures 23–25. However, some speci�c
changing trends in MAC values should be noted. For the 1st
mode, the center positions of the trusses are the locations
with high amplitude. Due to the reduction of snow load on
these positions, the sti�ness and mass matrices show the
least signi�cant variation. �us, the MAC value in the
longitudinal direction exhibits little variation, as shown in
Figure 31(a). However, due to the nonuniform distribution
of the snow load, for the 1st mode, the variation quantities of
sti�ness and mass matrices increase in the transverse and
vertical directions.�us, MAC values in these two directions
exhibit signi�cant variations, as shown in Figures 29(a) and
30(a). Similarly, due to the same reason, the MAC values of
the 4th and 5th modes display insigni�cant variations in the
main vibration direction in Figure 30(a) and obvious var-
iations in the other two directions, as shown in Figures 29(a)
and 31(a). Additionally, for the MAC values of the 2nd, 3rd,
and 6th modes, due to the relatively small variations of
sti�ness and mass matrices in the transverse direction for
these modes, the variations are less notable than those of the
1st, 4th, and 5th modes. It is worth noting that the MAC

value of the 6th mode in the vertical direction exhibits
a unique trend, as shown in Figure 30(b). �is �nding may
be due to the complex shape of the 6th mode, which could
cause the MAC value to decrease in a unique manner under
the nonuniformly distributed snow load. Moreover, this
result indicates that high modes are more sensitive to the
nonuniformly distributed snow load than low modes. In
summary, the above phenomenon indicates that the e�ects
of the nonuniformly distributed snow load on di�erent
mode shapes vary. Moreover, it again validates the close
association between the variations of mode shapes and the
changes of sti�ness and mass matrices caused by non-
uniformly distributed snow load.

Comparing the FEM results of static and dynamic re-
sponses, one aspect to notice is that change of modal pa-
rameters is far below the change of axial forces. As the snow
load increases, the changes in the modal frequencies are
mostly less than 10% and the decreases of MAC values are
less than 0.01. It illustrates that modal parameters vary over
a relatively small range under e�ects of snow load. Ac-
cordingly, for the SHM system of a structure, data collection
of the dynamic responses needs to be quite accurate. In
reality, due to advances in sensor technology, the response
data collected by structural health monitoring system with
high precision sensors are becoming more and more ac-
curate. Studies on the modal parameters with small variation
ranges canmake the collected data better used. Furthermore,
due to the small range of variation, identi�cations of actual
changes and damages of the structure are likely to be covered
by the variations of modal parameters caused by snow load
e�ects. Consequently, it is of great importance to study the
relationship between modal parameters and snow load to
improve the accuracy and reliability of the SHM system.

4. Results of Structural Health Monitoring

4.1. Basic Information on Structural Health Monitoring Sys-
tems and Sensors. In the SHM systems of a spatial structure,
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Figure 28: Frequency variations under nonuniformly distributed snow load: (a) the 1st, 4th, and 5thmodes and (b) the 2nd, 3rd, and 6thmodes.
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the most important and most widely used method for safety
assessment, damage detection, and security prewarning is
the identi�cation of modal parameters based on actual
structural behaviour data. However, the dynamic responses
collected by the SHM system can also be a�ected by envi-
ronmental factors. For the steel structure roof, e�ect of
snowfall is the main factor to the structural responses.
Accordingly, study of the snow load e�ects can reduce the
impact to the identi�cation of modal parameters and im-
prove the accuracy of the SHM system.

For the steel structure roof of Harbin Railway Station,
a SHM system was designed and implemented to collect
and analyse the static and dynamic responses. �e static
responses can directly re�ect the state of the structure. As is
shown in Figures 32 and 33, optical �bre Bragg grating

(OFBG) surface strain sensors were installed to collect the
axial strains on typical top chords, bottom chords, and web
members. 6 OFBG displacement sensors were installed to
collect the horizontal displacements of the supports. 6
OFBG temperature sensors were installed to monitor the
temperature changes. 5 static hydrostatic level gauges were
installed to monitor the settlements occurring at the
supports and typical positions of the structure. However,
static response monitoring has limitations, and the posi-
tions without monitoring equipment are ignored. �ere-
fore, it is necessary to collect dynamic responses for the
identi�cation of modal parameters. As a result, 5 3-D
accelerometers were installed to collect the dynamic ac-
celeration data on the typical positions. Table 2 and 3 show
the properties of the sensors.
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Figure 29: MAC values of the mode shapes on transverse direction under nonuniformly distributed snow load: (a) the 1st, 4th, and 5th
modes and (b) the 2nd, 3rd, and 6th modes.
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Figure 30: MAC values of the mode shapes on vertical direction under nonuniformly distributed snow load: (a) the 1st, 4th, and 5th modes
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Figure 31: MAC values of the mode shapes on longitudinal direction under nonuniformly distributed snow load: (a) the 1st, 4th, and 5th
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Figure 32: Layouts of hydrostatic level gauges, accelerometers, and OFBG sensors: (a) level gauge; (b) accelerometer; (c) OFBG sensor; and
(d) layouts of the SHM system.
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4.2. Variations in Axial Strain. As noted above, the axial
strains of certain members were monitored with OBFG
surface strain sensors. �e monitoring results of at 12:00
from 1 Sep. 2017 to 30 Dec. 2017 are displayed in Figure 34.
According to Figure 32, the selected typical sensors locate at

the same positions as the typical elements chosen in FEM
results. Due to the small change in the ambient temperature,
the major environmental in�uence on the structure is
snowfall. �us, the monitoring results can be divided into
two parts according to the time of the �rst snowfall.
According to the weather in Harbin, the �rst snowfall oc-
curred on 9 Nov. 2017. According to Figure 34, the axial
strain responses at typical positions on the top chord and
bottom chord exhibited insigni�cant change in Sep. and Oct.
In the following Nov. and Dec., the axial strain increased,
especially on the day after a snowfall event, as a result of
snow accumulation on the roof. Correspondingly to the
FEM results discussed above, snow load can directly increase
the load-bearing burden of the structure. Additionally, the
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Figure 33: Frequency variation versus time: (a) the 1st modal frequency (longitudinal); (b) the 2nd modal frequency (transverse); and (c)
the 4th modal frequency (vertical).

Table 2: Properties of surface strain sensors, temperature sensors, and displacement sensors.

Parameters Surface strain sensors Temperature sensors Displacement sensors
Measurement range −1500 με∼+ 1000 με −40°C∼200°C 50 mm
Wavelength range 1510 nm∼1590 nm 1510 nm∼1590 nm 1510 nm∼1590 nm
Precision 1‰ F.S. 0.08°C∼0.1°C 1‰ F.S.
Resolution 0.5‰ F.S. 0.04°C 0.5‰ F.S.

Table 3: Properties of hydrostatic level gauges and accelerometers.

Parameters Hydrostatic
level gauges Accelerometers

Measurement range 2m ± 2.0 g
Operation temperature range −30∼80°C −20°C∼60°C
Precision 0.01% F.S 0∼50Hz
Resolution 0.003% F.S <0.01 gal
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second moment of area of the bottom chord is larger than the
top chord does. As a result, the monitoring result of the top
chord changes more signi�cantly with larger �uctuations.

4.3. Modal Identi�cation Method and Modal Parameters.
Modal identi�cation methods have been designed and pro-
posed to improve the accuracy, resolution, and reliability of
estimating modal parameters. Due to the low signal-to-noise
ratio of the measured acceleration signal, modal identi�cation
methods with high resolution, high accuracy, and strong
noise-resistance ability should be selected and used [20]. For
instance, the Eigensystem Realization Algorithm (ERA)
combined with the Natural Excitation Technique (NExT)
[21–23] is a common modal identi�cation method that has
beenwidely applied for the identi�cation ofmodal parameters.

It is worth noting that the variations of modal parameters
are closely related to the frequency characteristics of the
loading. For instance, �uid-structure coupling e�ects caused by
wind and explosion load with di�erent ranges of frequencies
can change the modal parameters of the structure in di�erent
forms and degrees. However, no kinds of load with speci�c
ranges of frequency characteristics generated during the
process of collecting structural response data. �erefore, the
dynamic response of the steel structure roof can be considered
as vibration caused by natural excitation. As a result, in this
study, modal parameters of the steel structure roof were
identi�ed through NExT+ERA in the temporal domain using
acceleration response data collected by the 3-D accelerometers.

According to the previous FEM-based analyses, the
modal frequencies are quite close among the �rst 60 orders.
Moreover, the higher mode shapes become more and more
complicated as well. Consequently, the identi�cation results
of higher orders have lower reliability and are di¬cult to
distinguish. �erefore, due to their relatively simple and
stable mode shapes, the 1st, 2nd, and 4th modal parameters
were identi�ed. �e 3rd mode was skipped because it has
a mode shape similar to that of the 2nd mode. In the process
of Fourier transformation, the range of cut-o� frequency was

set from 1Hz to 3Hz to eliminate the interference of high
and low orders of modal frequencies.

For the purpose of comparing to the calculation results
shown above, the acceleration responses at 12:00 on 13 Sep.
2017 were selected, i.e., the impact of snowfall has not yet
occurred. According to the identi�cation results, the 1st,
2nd, and 4th modal frequencies were 1.8463Hz, 2.1573Hz,
and 2.6489Hz, respectively. �e results agree well with the
calculated modal frequencies and the di�erences are less
than 2%. Additionally, the corresponding identi�ed mode
shapes are shown in Figure 35 (mode shape coe¬cients are
magni�ed for clarity). �e identi�ed 1st mode shape shows
a signi�cant structural deformation on longitudinal di-
rection, which is consistent with the calculated result shown
in Figure 13. Changes in the center of the transverse trusses
are especially obvious. Additionally, Figure 35(b) shows the
same kind of deformation trend on the transverse direction
as Figure 14 does. �e relative position of each truss is
gradually o�set in the transverse direction. For the 4th order,
the identi�ed mode shape shows a conspicuous form of
vertical vibration, which is the same as the calculation result
in Figure 16.�e displacements of the 1st and 10th trusses in
the vertical direction are signi�cantly di�erent. Overall, the
identi�ed 1st, 2nd, and 3rd modal frequencies and their
corresponding mode shapes all agree well with the calculated
results of FEM analysis. �e accuracy of these two research
methods is proved through the contrast results.

4.4. Variations in Natural Structural Frequencies. As dis-
cussed above, e�ects of snowfall occurred in Nov. and Dec.
2017 changed the axial strains of the steel structure roof.
Correspondingly, the dynamic responses were altered by
snow load as well. �e acceleration records (collected by the
3-D accelerometers from 1 Sep. 2017 to 31 Nov. 2017) were
identi�ed using the NExT+ERA method to obtain the re-
lationship between the modal frequency and snow load.
Figure 33 shows the identi�cation results of the 1st, 2nd, and
4th modal frequencies. For the three orders, since no
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Figure 34: Axial strain variation.
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snowfall occurred, the fitting results of the identified fre-
quencies remain approximately constant in Sep. and Oct at
around 1.8520Hz, 2.1570Hz, and 2.6496Hz, respectively.
As can be seen, the fitting results are in good agreements
with the calculated FEM results shown above. Similarly, the
identified modal frequencies decrease as snow load in-
creases. After entering Nov., snowfall accumulated on the
structure and the identified frequencies show continuous
downward trends. Specifically, the decreased responses in
Dec. were particularly obvious. (e fitting results gradually
decrease to 1.8159Hz, 2.1274Hz, and 2.6275Hz. (e re-
ductions are less than 2%, which are basically kept at the
same order of magnitude to the FEM results. Overall, the
calculated modal frequencies and their fitting results are in
good agreements with the analysis results through FEM. As
is discussed, the accuracy of these two research methods is
once again been proved. Additionally, one noticeable and
similar phenomenon is that despite these decreases, the
distributions of the modal frequencies measured from Nov.
to Dec. almost cover the same range as the results measured
from Sep. to Oct. It is illustrated that the identification
results vary over a relatively small range under effects of
snow load, which is the same as the FEM result does. In
summary, it is concluded that the research methods applied
in this study are feasible and credible for the investigation of
snow load effects on structural modal parameters.

4.5. Variations in Structural Damping Ratios. In the iden-
tification, the proportional viscous damping was assumed to

be existence and the damping ratios of the steel structure
roof extracted were through NExT + ERA. Figure 36 shows
the damping ratios of the 1st, 2nd, and 4th orders. Similarly,
without effects of snow load, the fitting results of the
damping ratios barely change from Sep. to Oct. at around
0.0445, 0.0469, and 0.0459, respectively. Whereas a negative
relationship could be observed from Nov. to Dec as the
snowfall occurred and the damping ratios drop to 0.0331,
0.0382 and 0.0375. It is indicated that the damping ratios
decrease along with the increasing snow load as well. Fur-
thermore, it is worth noting that the identified damping
ratios decrease more obviously than the case for frequencies
and the reductions are about 20%. (is phenomenon il-
lustrates that the damping ratio is more sensitive to the
effects of snow load than the modal frequency does.

5. Conclusions

(is paper investigates the effects of snow load to the modal
parameters of spatial structures based on a SHM system of
the steel structure roof of Harbin Railway Station. (e
following conclusions were drawn from this study:

(1) According to the theoretical analysis of a single-span
simply supported beam, the modal frequencies de-
crease with increasing snow load and the decreasing
rate gradually diminishes. (e diversities of change
regulations among different modes are closely related
to the distributions of the snow loads. When the snow
loads are centrally distributed on the high-amplitude
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Figure 35: Mode shapes identified using NExT+ERA from 12:00:00, 13 Sep. 2017 to 12:30:00, 13 Sep., 2017: (a) the 1st mode shape
(longitudinal); (b) the 2nd mode shape (transverse); and (c) the 4th mode shape (vertical).

Shock and Vibration 21



positions of certain modes, changes of the modal
frequencies and mode shapes were signi�cant.

(2) Variations of mode shapes are correlated to internal
di�erences in structural sti�ness and mass matrices
caused by snow loads. �eoretical analysis showed
that when the snow load was considered as a density
change of the structure and no internal di�erences in
sti�ness or mass existed, the mode shapes barely
change. Conversely, signi�cant variations of mode
shapes can be found when the snow loads were
nonuniformly distributed.

(3) Both the theoretical analysis and the FEM results of
the steel structure roof exhibit the same change
regulations of modal frequencies under e�ects of
snow load. �e calculated MAC values decrease as
the snow loads increase, which revealed the in-
creasingly signi�cant change of the mode shapes.
According to the FEM results, variations of modal
parameters among di�erent modes are largely de-
termined by the actual form of the mode shapes.
Changes of sti�ness and mass matrices caused by

snow loads are di�erent for each mode and the
modal parameters show various changes.

(4) By comparison, both the modal frequency and mode
shape variations of the steel structure roof exhibit
close relationships with the distribution of the snow
load. Due to the di�erent distributions, snow loads
bring dissimilar e�ects despite the unchanged total
mass. Correspondingly, the mode shapes changed
with varying degrees and several particular changes
were observed for certain modes. Additionally, high
modes with complicated mode shapes were more
sensitive to the e�ects of the snow load.

(5) Based on the identi�cation and analysis of the SHM
data, it is concluded that snowfall-induced variations
of sti�ness and mass matrices cause the changes of
modal parameters. �e identi�ed results of modal
frequency and mode shape basically agree well with
the analysis results, which proved the accuracy of the
theoretical analysis and the FEM calculation. Both
the identi�ed and FEM results show less obvious
variations on the modal parameters of the structure
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Figure 36: Damping ratio variation versus time: (a) the 1st mode damping ratio (longitudinal); (b) the 2nd mode damping ratio
(transverse); and (c) the 4th mode damping ratio (vertical).
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than on the internal forces. (ese results indicate
that modal parameters vary over a relatively small
range under effects of snow loads.

(6) (e identified damping ratios decrease along with
the increasing snow loads. Compared to the iden-
tified results of modal frequencies, the damping
ratios are exhibited to be more sensitive to the effects
of snow loads.

(7) (e investigation methods used in this research are
proved to be feasible and credible for the investigation
of snow load effects. In addition, the actual distri-
bution of snow loads on the steel structure roof from 1
Nov. to 31 Dec. 2017 was not measured due to the
high difficulty and the huge amount of work. In re-
ality, the actual distribution of snow load could be
very helpful to further improve the accuracy of FEM
results and have better fidelity to the identified results.
And more quantitative conclusions could be derived,
accordingly.
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[16] E. Özkaya, “Non-linear transverse vibrations of a simply
supported beam carrying concentrated masses,” Journal of
Sound and Vibration, vol. 257, no. 3, pp. 413–424, 2002.

[17] S. J. Zhu, Y. F. Zheng, and Y.M. Fu, “Analysis of non-linear
dynamics of a two-degree-of-freedom vibration system with
non-linear damping and non-linear spring,” Journal of Sound
and Vibration, vol. 271, no. 1-2, pp. 15–24, 2004.

[18] China Architecture & Building Press, Load Code for the Design
of Building Structures, China Architecture & Building Press,
Beijing, China, 2012.

[19] M. Pastor, M. Binda, and T. Harčarik, “Modal assurance
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