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Modern buildings increasingly utilize lightweight, high-strength materials and feature high-rise, large-
span structural designs. These structures often exhibit low natural frequencies and are susceptible to 
resonance from low-frequency dynamic loads such as wind and pedestrian loads. This paper focuses 
on a large-span double-connected structure and analyzes its dynamic response under the combined 
effects of wind and pedestrian loads. First, a finite element model of the structure was created using 
ANSYS, and model validity verification and modal analysis were performed. Second, a Fourier-based 
pedestrian model was used to simulate pedestrian loads and generate time-range data. The pulsating 
wind speed was generated from the Davenport spectrum using the harmonic superposition method. 
Wind load time-range data were calculated for different heights using Bernoulli’s theorem. Finally, the 
solution yields information about the dynamic response of the structure. The study revealed maximum 
vertical comfort ratings in the connecting corridor were achieved when crowd density did not exceed 
0.3 persons/m2. The connecting corridor’s most unfavorable horizontal comfort level was evaluated as 
a medium, except for the 0-degree wind angle condition. This paper provides experience in studying 
the dynamic response and vibration suitability assessment of the large-span double-connected 
structure under wind and pedestrian loads.
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With the continuous advancement of construction technology, lightweight, high-strength building materials, 
and large-span structural forms are increasingly prevalent in modern architecture. Beyond their beautiful 
shapes and flexible use of space, these structures possess a characteristic of low natural frequency. However, this 
characteristic makes them prone to resonance when subjected to low-frequency dynamic loads close to their 
natural frequencies. This phenomenon can greatly enhance the occupant’s perception of structural vibration, 
causing fear and panic among the occupants. During normal building use, wind loads (usually in the range of 
0.1–1.0 Hz1) and pedestrian loads (less than 5 Hz2) are the most common dynamic loads, and structural comfort 
problems caused by them occur from time to time. The most significant impacts were the vibration event at the 
London Millennium Footbridge3 and the collapse of the Tacoma Strait Bridge4. Since then, studying structural 
vibrations induced by low-frequency dynamic loads has become a popular field.

Piccardo et al.5 developed an equivalent walking load spectrum model considering the stochasticity of 
walking parameters from a probabilistic point of view to investigate the vertical vibration of the structure. 
By conducting human-induced vibration tests, Lee et al.6 investigated an unusual vertical vibration event at 
TechnoMart, a 39-story steel building. Chen et al.7–9 proposed an acceleration response spectrum for predicting 
the structural response of individuals under walking and jumping activities by statistically analyzing many 
testers’ anthropogenic loading data. Basaglia et al.10 investigated the human-induced vibration response of large-
span wood floor structures by selecting different walking load models. Cao et al.11 investigated the vibration 
suitability of large-span lightweight floors for pedestrian loads. Chen et al.12 conducted field tests on the actual 
project of a steel truss connecting corridor footbridge and investigated the corresponding structural vibration 
response and stress state under different pedestrian flow conditions, step frequencies, and motion states. 
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Study13 points out that the existing problem of structural vibration suitability is mainly attributed to the vertical 
component coinciding with the step frequencies, which is why most scholars have focused on the human-
induced vertical vibration of structures. However, Dey et al.14 pointed out that pedestrians are more sensitive 
to horizontal vibration of structures than vertical vibration. For the first time, they evaluated the suitability of 
pedestrian bridges for horizontal vibration.

Encountering wind loads is inevitable during building use. A growing number of research15–18 has 
demonstrated that wind-induced horizontal vibrations in buildings can be perceptible to the human body, 
potentially leading to issues like motion sickness, sleepiness syndrome, and reduced work performance. This 
effect is particularly pronounced in the large-span double-connected structure, which typically exhibits lower 
natural frequencies and inherent structural damping values. This puts such buildings in the frequency range 
affected by wind loads and makes them more susceptible to resonance with wind loads. Kwok et al.1 outlined the 
vibration perception thresholds and occupant comfort evaluation criteria for wind-induced high-rise buildings 
by analyzing the results of many studies. Wang et al.19 investigated the wind response and wind loads of super 
high-rise buildings with different cross-sectional forms and aspect ratios. Li et al.20 investigated the effect of 
different wall angle setbacks on the wind load and wind-driven response of rectangular high-rise buildings.

Due to the unique structural form of the large-span double-connected structure, the Spatial large-span 
corridor connecting the two sides of the main body will assume a function similar to that of a footbridge. 
However, there are few studies on the dynamic response of structures under coupled wind and pedestrian 
loads. This paper investigates the dynamic response and vibration suitability of an actual large-span double-
connected structure under coupled wind and pedestrian loads. The remaining sections are as follows: Section 2 
outlines the large-span double-connected structure and examines its dynamic characteristics. Section 3 details 
the methodology used to simulate wind and pedestrian loads. Section 4 explores the dynamic response and 
vibration suitability of the large-span double-connected structure under combined wind and pedestrian loads. 
Lastly, Section 5 summarizes key findings and conclusions.

Dynamic characterization of the large-span double-connected structure
A large-span double-connected structure in an actual project is shown in Fig. 1. The main buildings on both sides 
utilize steel frame-support structures, while the connecting corridor between them uses steel truss structures. 
The building has 18 floors with a total height of 79.4 m. The main building has a plan dimension of 50.4 m 
× 25.2 m. The plan dimension of the corridor is 58.8 m×25.2 m, and the elevation is 67.125 m ~ 79.4 m. The 
truss structure reaches a height of 12.275 m (including 3.2 m of decorative steel frames), and the podium is 
13.5 m high. The spatial long-span corridor is connected to the main building on the east and west sides through 
box-type steel columns, beams, and supports. The stringers of the connecting corridor are connected by steel 
beams and horizontal supports. The steel type is Q355C, the concrete type used for the floor slab is C30, and 
the concrete type used for the steel pipe concrete columns is C50. Detailed material parameters are provided in 
Table 1.

To better understand the dynamic characteristics of the large-span double-connected structure, we established 
a finite element model by ANSYS. In this study, BEAM188 cells are used to simulate the steel beams and meshed 
along the length of 0.5 m. The reinforced concrete floor slab is modeled using a SHELL181 cell and meshed along 
the length and width of the concrete floor slab with dimensions of 0.6 m×0.6 m. Steel pipe concrete columns 
were modeled using BEAM188 cells with custom cross sections, and the steel pipe concrete columns meshed 
along the length of 0.5 m. The finite element model of the large-span double-connected structure is shown in 
Fig. 2.

Material Modulus of Elasticity (pa) Poisson’s Ratio Density (kg/m3)

Q355C steel 2.1 × 1011 0.3 7850

C50 concrete 3.45 × 1010 0.2 2550

C30 concrete 3.0 × 1010 0.2 2550

Table 1.  Material physical parameters.

 

Fig. 1.  The Large-span double-connected structure.
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The vibration response of the large-span double-connected structure under coupled pedestrian and wind 
loads is within the scope of normal service condition analysis, and its displacement and acceleration responses 
mainly occur in the elastic phase. Therefore, we adopt a linear elasticity principal relationship for the elastic 
analysis of each member, disregarding the reinforcement and slip relationship in the concrete slab and focusing 
solely on the concrete and steel beams.

Wang et al.21 pointed out that when the cell length was divided into 0.5 m, the mid-span displacement time 
range and acceleration time range had errors with the theoretical solution but were very close to the theoretical 
solution. Based on the above study, we carried out structural meshing of BEAM188 cells according to the size of 
0.5 m, and 0.25 m and verified the mesh dependence. The results are shown in Table 2 below.

Table 2 shows that the maximum computational error of finite element is 3.343% when using encrypted and 
unencrypted meshes, which meets the requirement of less than 5% engineering computational error. Therefore, 
this paper does not carry out the mesh encryption treatment at the connection between the main body and the 
connecting corridor.

The modal analysis allows us to determine a structure’s natural frequencies and mode shapes and calculate 
its Rayleigh damping coefficient. Higher-order modes can exhibit coupling effects in complex structures, 
which may lead to intricate dynamic behavior. Therefore, considering these higher-order modes is crucial for 
accurately predicting the dynamic response and identifying potential weak points in the structure22. From the 
modal analysis, we have derived the first 10th-order natural frequencies of the large-span double-connected 
structure as shown in Table 3. Additionally, the first 10th-order mode shapes are shown in Fig. 3.

Order Frequency(Hz) Order Frequency(Hz)

1 0.56322 6 2.1836

2 0.58752 7 2.2019

3 0.63914 8 2.2390

4 1.9272 9 2.9925

5 2.1071 10 3.6387

Table 3.  The first 10th-order natural frequencies of the large-span double-connected structure.

 

Location

Horizontal lateral peak acceleration 
(m/s2) Vertical peak acceleration (m/s2)

Control 2-fold grid encryption
Errors
(%) Control 2-fold grid encryption Errors(%)

The center point of the left main body connection position 0.2623 0.2595 -1.067 0.05413 0.05399 -0.259

The center point of the right main body connection position 0.2692 0.2602 -3.343 0.04245 0.04160 -2.002

Table 2.  Finite element mesh accuracy validation.

 

Fig. 2.  Finite element model of the large-span double-connected structure.
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From Fig. 3, the 1st order mode is horizontal lateral, the 2nd order mode is a horizontal longitudinal mode, 
the 3rd and 9th order modes are torsional, the 4th order mode is horizontal longitudinal-vertical bending 
coupled, the 5th order mode is horizontal lateral-torsional coupled, the 6th and 8th order modes are horizontal 
longitudinal-torsional coupled, and the 7th and 10th order modes are vertical bending-torsional coupled.

According to Building Structural Load Code23, the fundamental self-oscillation period of a tall steel building 
can be estimated using the following equation:

	 T = (0.1 ∼ 0.15)n� (1)

Fig. 3.  The first 10th-order mode shapes of the large-span double-connected structure.
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Where n is the total number of floors in the building.
The fundamental self-oscillation period of the large-span double-connected structure was calculated using 

Eq. (1) to range between 1.8 s and 2.7 s. As shown in Table 2, the first-order natural frequency of vibration for 
this structure is 0.56322 Hz, and the fundamental self-oscillation is 1.78 s. This closely aligns with the theoretical 
estimate from empirical formulas, validating the validity of our established finite element model.

Kwok et al.1 pointed out that wind-induced vibration frequencies of high-rise buildings are usually in the 
range of 0.1–1.0 Hz. Živanović et al.24 pointed out that the normal walking step frequency of pedestrians obeys a 
Gaussian distribution with a mean value of 1.87 Hz and a standard deviation of 0.186 Hz. Schlaich et al.2 pointed 
out that human-induced vibration frequencies are usually in the low-frequency range of less than 5 Hz. From 
Table 3, it can be seen that the first 3rd-order natural frequencies of the structure are within the sensitive range of 
wind-induced vibration, while the first 10th-order natural frequencies are within the sensitive range of human-
induced vibration. Thus, investigating the dynamic response of the large-span double-connected structure, 
particularly the spatial large-span corridor, under combined wind and pedestrian loads is crucial.

Dynamic excitation and equations of motion of the large-span double-connected 
structure
According to the theory of structural dynamics, the equations of motion of the large-span double-connected 
structure under dynamic excitation can be described by the following equation 25:

	 MẌ + CẊ +KX =
∑ N

i=1
Fi (t)� (2)

Where M, C, and K are the mass, damping, and stiffness matrices of the large-span double-connected structure, 
respectively. Fi(t) is the external dynamic excitation, which is mainly considered in this paper as pedestrian loads 
and wind loads.

Figure 3.  (continued)
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Fig. 4.  Pedestrian positions and corresponding vertical and horizontal lateral pedestrian pressures at 
different moments for a pedestrian density of 0.2 person/m2. (a) Pedestrian position distribution and pressure 
magnitude at the starting moment. (b) Pedestrian position distribution and pressure at the process moment. 
(c) Pedestrian position distribution and pressure at the final moment.
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Pedestrian loads
Pedestrian load is a three-dimensional force26–28 that consists of a vertical component, a horizontal lateral 
component, and a horizontal longitudinal component. However, the horizontal longitudinal force is generally 
considered negligible. The horizontal lateral component arises from the horizontal movement of the center of 
gravity during walking, occurring at half the step frequency13. In time-domain analysis, pedestrian loading 
models are often treated as deterministic periodic processes, represented by Fourier series29. The study27 shows 
that the load models for the vertical and horizontal lateral components of pedestrian loads are significant for 
the vibration suitability analysis of large-span structures. The pedestrian load model selected in this paper is as 
follows:

	

{
Fz (t) = G [1 +

∑ n
i=1α zisin (2iπ fpt− ϕ zi)]

Fx (t) = G
∑ n

i=1α xisin (iπ fpt− ϕ xi)
� (3)

Where Fz(t) and Fx(t) are the vertical and horizontal lateral walking excitations, respectively. G is the person’s 
resting gravity, fp is the person’s step frequency, and n is the number of orders considered in the model. αzi and 
αxi are the i-th-order dynamic loading factors in the vertical and horizontal lateral directions, respectively. φzi 
and φxi are the i-th-order harmonic phase angles in the vertical and horizontal lateral directions, respectively. 
The specific parameters in the above Eq. (3) are described in Literature27.

Based on the above Fourier series expression of the pedestrian load model, we established a pedestrian load 
model considering the randomness of pedestrian parameters, walking routes, and the number of pedestrians. 
The pedestrian load is applied to the large-span double-connected structure by this model, and the detailed 
description of this pedestrian load modeling method is shown in Literature30. Taking the pedestrian density of 
0.2 person/m2 as an example, Fig. 4 illustrates the distribution of the pedestrian positions and the magnitude of 
the resulting vertical and horizontal lateral walking excitation values at different moments.

Wind loads
Calculation of wind speed
In general, the wind speed v comprises the average wind speed and the pulsating wind speed31. This relationship 
can be expressed by the following equation:

	 v = vs + vd� (4)

Where vs denotes the average wind speed at any height of the structure. vd denotes the pulsating wind speed at 
any height of the structure.

According to Building Structural Load Code23, the average wind speed vs at any height of the structure can 
be described by the following exponential law:

	
vs (z) = v10

( z

10

)α

� (5)

Where v10 denotes the basic wind speed at a height of 10 m above ground level, z denotes the height of the 
structure above ground level, and α denotes the ground roughness index, typically taken as 0.22.

According to Code23, the basic wind pressure in the area where the large-span double-connected structure is 
located is 0.5 KN/m2. Based on the basic relationship between wind speed and wind pressure, the average wind 
speed v10 at a standard height of 10 m above the ground can be calculated to be 28.4 m/s.

Pulsating wind speeds can be modeled as a zero-mean smooth Gaussian random field, as indicated 
by most measured data25. Under these assumptions, the longitudinal pulsation velocity at any point can be 
characterized using either the Davenport or the Simiu spectrum. While the Simiu spectrum incorporates wind 
speed variations at different heights, it is generally applicable to the low-frequency range with frequencies below 
0.2 Hz. Conversely, based on empirical observations, Kaimal et al.32 introduced a spectrum tailored for high 
frequencies exceeding 0.2 Hz. In addition, the Kaimail and Simiu spectra do not yield a value for the power 
spectral density S(ω) = 0, whereas the Davenport spectrum yields a value for the power spectral density S(ω) = 0. 
Taking all these considerations into account, we chose the Davenport spectrum for the calculation of pulsating 
wind speed33,34. The following equation can describe the Davenport spectrum:

	




Svd (ω ) = 4kv210
f2

ω (1+f2)
4/3

f = 1200ω
v10

� (6)

where Svd (ω ) is the pulsating wind speed power spectrum. ω is the pulsating wind frequency. k is the ground 
roughness coefficient, which can be taken as 0.00464 according to the study35.

Pulsating wind speeds are correlated between two points within a certain distance at the same or different 
heights. The correlation can generally be described by the mutual power spectral density36, which can be 
expressed as:

	




Svd1vd2 (ω ) =

S (z1, ω )S (z2, ω )e−

f

f =
ω

C2
Z(z1−z2)

2+C2
Y (x1−x2)

2

π [vs(z1)+vs(z2)]

� (7)
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Where vd1 and vd2 denote the pulsating wind speeds at points M1 and M2. x1 and x2 are the coordinates of point 
M1, and z1 and z2 are the coordinates of point M2. CZ and CY are empirically determined attenuation coefficients, 
generally taken as CZ =10 and CY=16.

The density function matrix of the pulsating wind speed spectrum with n different or same height points can 
be expressed by the following equation:

	

S (ω ) =




Svd1vd1 (ω ) · · · Svd1vdj (ω ) · · · Svd1vdn (ω )
... . . . ... ...

Svdivd1 (ω ) · · · Svdivdj (ω ) · · · Svdivdn (ω )
... ... . . . ...

Svdnvd1 (ω ) · · · Svdnvdj (ω ) · · · Svdnvdn (ω )




� (8)

Where Svdivdj (ω ) is the mutual power density function at any two points Mi and Mj.

Fig. 5.  Time-course curves of pulsating wind speed at different heights. (a) Height position: 10 m. (b) Height 
position: 25 m. (c) Height position: 50 m. (d) Height position: 79.4 m.

 

Parametric Value Parametric Value

Basic wind pressure 0.5KN/m2 Simulation time step 0.1s

Geomorphologic category C Total Sampling Points 3000

Ground roughness index α 0.22 Initial sampling frequency 0.001 Hz

Target power spectrum Davenport spectrum Cutoff frequency 10 Hz

Total simulation time 600s Frequency increment 0.001 Hz

Table 4.  Basic parameters of pulsating wind speed simulation.
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The Cholesky decomposition of the pulsating wind speed spectral density function matrix S(ω) is performed 
as follows:

	




S (ω ) = H (ω ) · H∗(ω )T

H (ω ) =




Hv11 (ω ) · · · 0 · · · 0
... . . . ... ...

Hvi1 (ω ) · · · Hvii (ω ) · · · 0
... ... . . . ...

Hvn1 (ω ) · · · Hvni (ω ) · · · Hvnn (ω )




� (9)

where H*(ω)T is the conjugate transpose of H(ω).
For the multidimensional vector pulsating wind speed spectral density function matrix S(ω), the pulsating 

wind speed vd can be described by the following equation:

	





vdi (t) =
 m

i=1

 N
j=1 |Hmi (ω j)|

√
2∆ ω cos [ω jt + ψ mi (ω j) + θ ij] ,m = 1,2, . . ., n

nj = nd + (j − 1/2)∆ n, j = 1,2, . . ., N
� (10)

Where N denotes the division of the pulsating wind speed power spectrum into N identical parts in the frequency 
range. Δω = ω/N is the frequency increment. ωj = j∙Δω is a recursive increment in the frequency domain. |Hmi(ωj)| 
is the mode of H(ω). ψmi is the phase angle between two different points. θij is a random number uniformly 
distributed in the range [0,2π].

The foundational parameters for simulating pulsating wind speeds in the area near the large-span double-
connected structure are shown in Table 4.

Fig. 6.  Comparison of simulated spectra of pulsating wind speed at different heights with Davenport spectra. 
(a) Height position: 10 m. (b) Height position: 25 m. (c) Height position: 50 m. (d) Height position: 79.4 m.
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The pulsating wind speed is simulated by the harmonic superposition method, and the 10-min time-course 
curves of pulsating wind speed at different heights are obtained as shown in Fig. 5. The pulsating wind speed 
time profile obtained from the simulation is converted into a pulsating wind speed spectrum and compared with 
the Davenport spectrum. The results are shown in Fig. 6.

From Fig. 6, the simulated spectral curves of pulsating wind speed at different heights basically coincide 
with the fluctuation trend of Davenport spectral curves. This shows that the simulated time-course curve of 
pulsating wind speed can better meet the requirement of randomness and correlation of actual pulsating wind 
speed in time and space. The deviation of the two spectral curves is because the Davenport spectra are derived 

Geomorphologic category Height from the ground Coefficient of variation of wind pressure height µzi

C

5 0.65

10 0.65

15 0.65

20 0.74

30 0.88

40 1.00

50 1.10

60 1.20

70 1.28

80 1.36

Table 5.  Values of wind pressure height variation coefficients for the large-span double-connected structure.

 

Fig. 7.  10-min wind speed time-course curve at different heights. (a) Height position: 10 m. (b) Height 
position: 25 m. (c) Height position: 50 m. (d) Height position: 79.4 m.
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by averaging the measured wind speeds at different heights, which does not reflect the relationship between 
spectra and height. Thus, the Davenport spectrum somewhat overestimates the energy of wind speeds in the 
high-frequency region and underestimates the energy in the low-frequency region25.

The 10-min wind speed time-course curve at different node heights calculated from Eq. (4) is shown in Fig. 7.

Calculation of wind loads
According to Study37, the standard values of wind loads acting vertically on the structure are calculated as follows:

	 Fzi = µ siµ ziwiAi� (11)

Where Fzi represents the wind loads at node area i at height Z. µsi denotes the coefficient for the wind load body 
shape. µzi represents the coefficient for the change in wind pressure with height. wi represents the wind pressure 
at height Z, and Ai denotes the windward area exerting vertical pressure on the building surface.

According to Code23µzi taken as in Table 5.
Currently, there is no standardized wind load body shape coefficient specified in codes and standards for large-

span double-connected structural forms. For complex shapes, wind load body shape coefficients do not yield 
theoretical results and are typically derived through wind tunnel tests or numerical simulations. To accurately 
apply wind loads to finite element models, this study employs Computational Fluid Dynamics methods19,38 to 
calculate shape coefficients.

Wind pressure distribution characteristics of the large-span double-connected structure  To conduct simulated 
wind tunnel tests, it is essential to establish a suitable wind field domain. According to Code39, the blockage ratio 
between the structure and the wind field domain should not exceed 5%. The blockage ratio can be calculated by 
the following equation:

	
η =

Am

Ac
� (12)

Where Ac is the cross-sectional area of the wind field domain. Am is the maximum windward area of the building.

Fig. 9.  Schematic diagram of wind velocity streamlines at the center section of the large-span double-
connected structure at a 0-degree wind angle.

 

Fig. 8.  Schematic distribution of the wind field domain and the location of the large-span double-connected 
structure.
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To more accurately simulate the wind pressure distribution characteristics of the structure in the wind field, 
we have parameterized the wind field domain with the maximum height (H) of the building. Define the wind 
angle as the angle formed by the large-span double-connected structure and the plane where the XY axis is 
located, and the wind angle is positive when it rotates around the Y axis in a counterclockwise direction. Define 
the minimum grid size of the wind field domain as 0.5 m and the maximum size as 15 m with a growth rate of 
1.2. At the same time, local mesh encryption was carried out for the large-span double-connected structure with 
a mesh size of 0.5 m. The large-span double-connected structure and wind field domain model at a 0-degree 
wind angle are shown in Fig. 8.

Combining Eq. (12) with the structural dimensional parameters, we calculate the maximum blockage ratio 
η of the system to be 4.2%. Fig. 9  illustrates that positioning the large-span double-connected structure at one-
third of the distance from the wind field domain entrance ensures uninterrupted flow throughout the domain, 
preventing backflow at the exit boundary. This confirms the rationale and effectiveness of our defined wind field 
domain.

Natural winds in the atmospheric boundary are turbulent winds with randomness and complexity in spatial 
and temporal properties. Commonly used turbulence models40,41 include the k-ε model, the k-ω model, the 
Reynolds Stress (RMS) model, and the Large Eddy Simulation (LES) model. In this paper, the SST k-ω model38 
of the k-ω model is chosen, which combines the advantages of the k-ω model for calculations in the near-wall 
region and the k-ε model for calculations in the far field. The turbulence intensity Iz can be calculated from the 
following equation 39:

Fig. 11.  Cloud diagram of wind pressure coefficient distribution for the large-span double-connected structure 
at 0-degree wind angle. (a) Wind pressure coefficient distribution on the windward side. (b) Wind pressure 
coefficient distribution on the leeward side.

 

Fig. 10.  Cloud diagram of wind pressure distribution for the large-span double-connected structure at 
0-degree wind angle. (a) Wind pressure distribution on the windward side. (b) Wind pressure distribution on 
the leeward side.
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Iz = I10

( z

10

)−α

, zb ≤ z ≤ zg� (13)

Where Iz is the degree of turbulence obtained at height Z. I10 is the nominal degree of turbulence at a standard 
height of 10 m, which takes the value of 0.23. α is the mean wind profile index, which takes the value of 0.22. Zb 
is the height of profile initiation, which takes the value of 15 m. Zg is the height of gradient winds, which takes 
the value of 450 m.

The turbulent kinetic energy k and the dissipation rate ω can be calculated from the following equation 38,42:

	

{
k = 1.5(vz×Iz)

2

ω = k0.5

(C0.25
µ ×Lµ)

� (14)

Where Cµ is the turbulence constant, typically taken as 0.09. vz represents the velocity at height Z. Lµ denotes the 
turbulence integration scale, which can be expressed by the following equation  37:

	
Lµ =

{
100, z ≤ 30m

100(z/30)0.5, 30m ≤ z ≤ zg
� (15)

The inlet boundary condition of the wind field domain is defined by Eq. (5). The outlet boundary condition 
adopts the fully developed free outflow boundary condition, i.e., any physical quantity of the flow field has zero 

Fig. 13.  Schematic of dividing the surface area on the windward side of the large-span double-connected 
structure at a 0-degree wind angle.

 

Fig. 12.  Cloud diagram of the wind load body shape coefficient distribution for the large-span double-
connected structure at a 0-degree wind angle. (a) Windward wind load body shape factor distribution. (b) 
Leeward wind load body shape factor distribution.
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Fig. 14.  Time-course curve of wind load at different heights on the windward face of the large-span double-
connected structure at 0-degree wind angle. (a) Height position: 10 m. (b) Height position: 25 m. (c) Height 
position: 50 m. (d) Height position: 79.4 m.

 

Building surface area Height range (m) Breadth(m) µ si

A 76.2—79.4 159.6 0.156

B 67.125—76.2 58.8 0.438

C 67.125—76.2 33.6 0.250

D 38.425—67.125 33.6 0.438

E 17.925—38.425 42 0.675

F 9.725—17.925 42 0.813

G 38.425—76.2 8.4 0.438

H 0—76.2 8.4 0.156

I 0—9.725 42 1

J 0—13.5 16.8 0.906

K 0—13.5 8.4 0.625

L 0—13.5 8.4 0.513

Table 6.  Building Windward surface zoning information.
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gradient along the outlet’s normal direction. The surface of the large-span double-connected structure and the 
ground are smooth walls with no slip. The boundary conditions for the wind field utilize free-slip walls on both 
sides and the top. Iterative convergence is determined with a residual threshold of 10−4, employing the SIMPLE 
algorithm for a solution. Momentum, Turbulent Kinetic Energy, and Specific Dissipation Rate are treated in 
Second Order Upwind format. As an illustration at a 0-degree wind angle, the wind pressure distribution cloud 
map for the large-span double-connected structure is computed and depicted in Fig. 10.

The dimensionless wind pressure coefficient Cpi is usually used in structural wind engineering to characterize 
the wind pressure distribution, which can ignore the effects of other parameters and make the results highly 
generalizable. The wind pressure coefficient can be calculated by the following equation 20,41:

	
Cpi =

pi − p0
0.5ρ v210

� (16)

Where Pi represents the pressure value at measurement point i. P0 denotes the static pressure value at a reference 
point located at a standard height of 10 m. ρ stands for air density.

The cloud diagram of wind pressure coefficient distribution for the large-span double-connected structure 
calculated from the above Eq. (16) is shown in Fig. 11.

Calculation of the wind load body shape factor for the large-span double-connected structure  The wind load 
body shape coefficient can be calculated using the following equation:

	
µ si = Cpi

(
10

Zi

)2α

� (17)

Where Zi represents the height at measurement point i, and α denotes the ground roughness index.
Figure 12 displays the cloud diagram illustrating the wind load body shape coefficient distribution for the 

large-span double-connected structure at a 0-degree wind angle, calculated using Eq. (17).
Coupled with the wind load body shape coefficient distribution cloud diagram for the large-span double-

connected structure, Fig.  13 illustrates the surface zoning on the windward side of the large-span double-
connected structure at a 0-degree wind angle. Specific zoning details for localized building surfaces are provided 
in Table 6.

From Eq. (11), the time-course curve of wind load at different heights on the windward face of the large-span 
double-connected structure at a 0-degree wind angle is calculated, as shown in Fig. 14.

Loading condition Angle of wind Crowd density (person/m2) Pedestrian to structural mass ratio (%)

1

0°

0.1 0.62

2 0.2 1.24

3 0.3 1.86

4 0.4 2.48

5 0.5 3.10

6

45°

0.1 0.62

7 0.2 1.24

8 0.3 1.86

9 0.4 2.48

10 0.5 3.10

11

90°

0.1 0.62

12 0.2 1.24

13 0.3 1.86

14 0.4 2.48

15 0.5 3.10

Table 8.  Coupled wind and pedestrian loading conditions.

 

Response point Height (m) Location Response point Height (m) Location

1 26.125 Left main body span center 6 67.125 Corridor spanning center

2 26.125 Right main body span center 7 67.125 Right main body span center

3 50.725 Left main body span center 8 67.125 The center point of the left main body connection position

4 50.725 Right main body span center 9 67.125 The center point of the right main body connection position

5 67.125 Left main body span center

Table 7.  Response point location information.
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Dynamic response analysis and vibration suitability evaluation of the large-span 
double-connected structure under coupled wind and pedestrian loads
A SURF154 cell was applied to the surface of the finite element model of the large-span double-connected 
structure to convert wind speed into wind pressure for structural loading. At the same time, pedestrian loads 
were applied to the connecting corridor section of the structure. The transient dynamic analysis of the large-span 
double-connected structure was conducted using the full method. To accurately capture the dynamic response 
of the structure, the loading sub-step was set to 50 to ensure precise measurement of acceleration variations. 
Rayleigh damping was introduced in the FE model to account for structural damping effects. According to the 
structural dynamics, the Rayleigh damping coefficient can be calculated by the following equation:

	

{
α =

2ω iω jξ

ω i+ω j

β = 2ξ
ω i+ω j

� (18)

where ωi is the i th order natural frequency of the structure and ωj is the j th order natural frequency of the 
structure. ξ is the damping ratio of the structure and takes the value of 2%.

Dynamic response analysis of the large-span double-connected structure
To compare the dynamic response of the large-span double-connected structure at different locations, we set up 
nine response points for the study. The specific location information of the response points is shown in Table 7.

To reduce the impact of wind load randomness on the finite element solution. Ten sets of wind load data were 
randomly generated for this study, and the average of these sets was employed as the final wind load applied to 
the structure. This study considered three wind loading conditions at different wind angles due to the symmetry 
of the large-span double-connected structure. Additionally, five pedestrian loading conditions were established, 
varying in crowd densities. The maximum mass ratio of pedestrians to the spatial long-span corridor is 3.1% 
across the five pedestrian loading conditions. Since the mass of the pedestrians is much smaller than the total 
mass of the structure, their effect on the mass of the whole system can be ignored. Details of the specific loading 
condition combinations are provided in Table 8.

We compared and analyzed the peak acceleration of response point 6 under pedestrian loading and coupled 
pedestrian and wind loading, and the results are shown in Table 9.

According to the data in Table 9, considering the structure under the coupling of pedestrian and wind loads, 
the wind load has a certain inhibiting effect on the vertical acceleration of the structure caused by pedestrian 
loads. With the increase in crowd density, the peak vertical acceleration of the structure considering wind loads 
is reduced by 2.56–9.84% compared to that when only pedestrian loads are considered. This phenomenon 
indicates that the presence of wind loads improves the vertical comfort of the structure to some extent. 
Meanwhile, the contribution of wind loads to the horizontal lateral peak acceleration of the structure under the 
coupled pedestrian and wind loads ranges from 93.96 to 98.71%. This indicates that the effect of pedestrian loads 
on the horizontal transverse dynamic response of the structure is small. Therefore, it is necessary to consider the 
coupling of wind and pedestrian loads when performing structural vibration suitability assessment.

We conducted finite element analyses under various coupled load conditions to determine the acceleration 
response of the large-span double-connected structure under different scenarios. Taking response point 6 located 
at the center of the connecting corridor as an example, Fig. 15 illustrates the acceleration response curves under 
different pedestrian loading conditions at a 0-degree wind angle. Figure  16 shows the acceleration response 
curve of response point 6 under different wind angles when the crowd density is 0.3 person/m².

From Fig.  15, when the wind angle is 0 degrees, the vertical peak acceleration of the structure increases 
continuously with crowd density. In contrast, the horizontal lateral peak acceleration of the structure decreases 
with the rise of crowd density. The horizontal lateral peak acceleration decreased by 5.81% and the vertical peak 
acceleration increased by 380.27% for the crowd density of 0.5 person/m2 condition compared to the crowd 
density of 0.1 person/m2 condition. Meanwhile, the trends of the horizontal lateral acceleration response curves 
of the structure under different crowd densities are basically consistent. This phenomenon indicates that the 
degree of influence of pedestrian load on the horizontal lateral vibration response of the structure is much 
smaller than its influence on the vertical vibration response of the structure.

Crowd density
(person/m²)

Peak acceleration under 
pedestrian loading(m/s2)

Peak acceleration under coupled pedestrian and wind loads(m/s2)

0-degree wind angle 45-degree wind angle 90-degree wind angle

Vertical Horizontal lateral Vertical Horizontal lateral Vertical Horizontal lateral Vertical Horizontal lateral

0.1 0.1619 0.0040 0.1474 0.3104 0.1351 0.1821 0.1546 0.0215

0.2 0.3844 0.0080 0.3588 0.3051 0.3388 0.1821 0.3580 0.0246

0.3 0.4830 0.0108 0.4546 0.3011 0.4281 0.1825 0.4412 0.0260

0.4 0.6082 0.0146 0.5930 0.2942 0.5700 0.1831 0.5500 0.0282

0.5 0.7435 0.0176 0.7063 0.2915 0.6942 0.1835 0.6679 0.0312

Table 9.  Dynamic response information of response point 6 under pedestrian loading and coupled pedestrian 
and wind loading.
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Fig. 15.  The time-course curve of acceleration response under different pedestrian load coupling conditions at 
the 0-degree wind angle.
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From Fig. 16, at a crowd density of 0.3 persons/m2, the vertical peak acceleration of the large-span double-
connected structure basically remains stable with the increase of wind angle, fluctuating up and down from 
− 5.93 to 8.13%. The horizontal lateral peak acceleration of the structure decreases with the increase of wind 
angle. The horizontal lateral peak acceleration decreases by 39.2% in the case of a 45-degree wind angle compared 
to the case of a 0-degree wind angle and decreases by 83.39% in the case of a 90-degree wind angle compared 
to the case of a 0-degree wind angle. This phenomenon indicates that wind load is the main contributor to the 
horizontal lateral vibration response of the structure, while the effect of different wind angles on the horizontal 
lateral vibration response of the structure must be considered. In addition, wind loads have some degree of 
influence on the vertical vibration response of the structure.

To better assess the impact of various locations and load-coupling conditions on the dynamic response 
of the large-span double-connected structure. We analyzed the peak acceleration of the structure at different 
locations under the same load-coupled condition and the peak acceleration of the structure at the same location 
under different load-coupled conditions, as shown in Figs. 17 and 18, respectively. The time-course curve of 
acceleration response in the span of the spatial large-span corridor and at the connection with the main body on 
both sides is shown in Fig. 19 below.

From Fig. 17(a) and Fig. 18(a), the horizontal lateral peak acceleration of the large-span biconnected structure 
increases with increasing height. This is because the wind speed increases with the increase in the height of 
the large-span double-connected structure, which in turn leads to an increase in the horizontal lateral peak 
acceleration of the structure. However, the horizontal lateral peak acceleration of the structure shows a decrease 
with increasing wind angle. The horizontal lateral peak accelerations of the left and right sides of the main body 
of the large-span double-connected structure at the same height are basically the same when coupled with five 
pedestrian loading conditions at a 0-degree wind angle. However, at the same height, the horizontal lateral peak 
acceleration at the mid-span location of the connecting corridor is 10.57–13.14% higher than that at the mid-
span location of the main body on the left and right sides. For the five pedestrian loading conditions coupled at 
a 45-degree wind angle, the structure has a larger horizontal lateral peak acceleration at the same height at the 
left main body mid-span location than at the connecting corridor mid-span location. The horizontal lateral peak 

Figure 15.  (continued)
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acceleration at the mid-span position of the connecting corridor is larger than that at the mid-span position of 
the right main body. The horizontal lateral peak acceleration of the large-span double-connected structure does 
not change significantly with height for the five pedestrian loading conditions coupled at 90-degree wind angles. 
This is because the effective area of the lateral windward surface of the structure in the plane where the XY axis 
is located decreases as the wind angle increases, which in turn leads to a decrease in the horizontal lateral peak 
acceleration of the structure.

Based on Fig.  17(b) and Fig.  18(b), the vertical vibration response of the large-span double-connected 
structure primarily occurs within the connecting corridor area under pedestrian loads. The response points 

Fig. 16.  The time-course curve of acceleration response under different wind angle coupling conditions when 
the crowd density is 0.3 person/m2.
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located at the left and right main body sections of the structure show negligible influence from pedestrian loads. 
The vertical peak acceleration at the mid-span location of the connecting corridor shows an increase with the 
increase in crowd density.

Based on Fig. 19, the horizontal lateral acceleration response at the mid-span of the spatial large-span corridor 
and its connection position with the main body is generally consistent across different working conditions. 
However, the peak acceleration at the mid-span is slightly higher than at the connection position with the main 
body. In contrast, the vertical acceleration response at the mid-span is significantly more pronounced compared 
to the connection position with the main body. Consequently, only the mid-span position of the spatial large-
span corridor will be considered in the subsequent comfort assessment.

Vibration suitability assessment of the large-span double-connected structure
The assessment of structural vibration suitability is usually measured by the natural frequency and peak 
acceleration of the structure14. Table 10 lists the corresponding limits proposed by some codes.

As shown in Tables 3 and 10, the horizontal lateral and vertical vibrations of the large-span double-connected 
structure are in the sensitive frequency range. In this study, the vibration suitability of the large-span double-
connected structure is evaluated according to different codes. Given that the pedestrian loads are only applied to 
the connecting corridor, this study only evaluates the vertical comfort at the location of the connecting corridor. 
We have tabulated the peak accelerations of the large-span double-connected structure at different heights and 
under different load-coupling conditions, as shown in Table 11.

From Table 11, according to the EN03 code, the vertical comfort level of the spatial large-span corridor is 
mean or max under all load cases. Except for the spatial large-span corridor, the horizontal lateral comfort level 

Fig. 18.  Peak acceleration response of the structure at the same location under different load coupling 
conditions.

 

Fig. 17.  Peak acceleration response of the structure at different locations for the same load-coupled condition.
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of the large-span double-connected structure is mean or max under all load conditions. Under the condition of 
a 0-degree wind angle, when the crowd density does not exceed 0.3 person/m2, the horizontal lateral comfort 
level of the spatial large-span corridor is the min. when the crowd density exceeds 0.3 person/m2, the horizontal 
lateral comfort level of the spatial large-span corridor is mean, which shows the phenomenon that the comfort 
level increases with the increase of crowd density to a certain extent. Under the rest of the load conditions, the 
horizontal lateral comfort level of the spatial large-span corridor reaches mean or max. According to the JGJ99-
2015 code, the vertical peak acceleration of the spatial large-span corridor exceeds the comfort limit requirement 

Fig. 19.  The time-course curves of acceleration response at different locations of the spatial large-span 
corridor.
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of the code for the rest of the loading conditions, except for loading condition 1 and loading condition 6. When 
the purpose of the large-span double-connected structure is office or hotel, except for the spatial large-span 
corridor, its horizontal lateral peak acceleration meets the comfort limit requirements of the code. In the case of 
a 0-degree wind angle load, the horizontal lateral peak acceleration of the spatial large-span corridor does not 
meet the comfort limit requirements of the code. The horizontal lateral peak acceleration under the remaining 
load cases meets the comfort limits of the code. When the use of the large-span double-connected structure is 
houses or flats, the horizontal lateral comfort level of the structure is significantly affected by the position of the 
structure and the wind direction. Under the condition of 0-degree wind angle load, the horizontal lateral peak 
acceleration at all response points does not satisfy the code comfort limits, except for response points 1 and 2, 
where the horizontal lateral peak acceleration satisfies the code comfort limits. For the rest of the wind angle 
loading cases, the horizontal lateral peak acceleration of the response points satisfies the code comfort limits, 
except for response point 5 with a 45-degree wind angle, which does not satisfy the code comfort limits. This 
phenomenon is related to the location of the distribution of the effective windward area of the large-span double-
connected structure at different wind angles.

Conclusion
Currently, extensive research has been conducted on the vibration response of structures under pedestrian 
loads or wind loads, but there remains a relative dearth of studies on their response to the combined effects of 
pedestrian and wind loads. In this paper, the structural vibration response of the large-span double-connected 
structure under combined pedestrian and wind loads is investigated by simulating random pedestrian and 
wind loads based on an actual project. The findings contribute valuable insights into the dynamic response and 
vibration suitability assessment of such structures under coupled pedestrian and wind loading conditions. The 
research demonstrates that:

	1.	� For buildings with unique shapes, the wind load body shape coefficient on their surfaces can be determined 
through simulated wind tunnel tests.

	2.	� For the large-span double-connected structure, the presence of rectangular apertures exacerbates the dy-
namic response of the structure. The dynamic response at the spatial large-span corridor is more intense 
than that of the main body on both sides, and the most unfavorable response point occurs at the mid-span 
position of the spatial large-span corridor. The most unfavorable wind angle of the structure is a 0-degree 
wind angle, and the vertical peak acceleration of the structure is 0.7063 m/s2, which is reached at the crowd 
density of 0.5 persons/m2. The horizontal lateral peak acceleration of the structure is 0.3104 m/s2, which is 
reached at a crowd density of 0.1 persons/m2.

	3.	� For the dynamic response of a structure under coupled wind and pedestrian loads, the pedestrian loads con-
trol the vertical response of the structure, while the wind loads control the horizontal lateral response of the 
structure. However, the presence of wind loads will inhibit the vertical response of the structure caused by 
pedestrian loads and improve the vertical comfort of the structure to some extent. With the increase in crowd 
density, the peak vertical acceleration of the structure considering the coupled effect of wind and pedestrian 
loads is reduced by 2.56–9.84% compared to that when only pedestrian loads are considered. The effect of 
pedestrian loads on the horizontal lateral response of the structure is much smaller than that of wind loads.

	4.	� The JGJ99-2015 code has more stringent requirements for structural comfort than the EN03 code. When 
assessing the vertical comfort of structures, it is more reasonable to use the EN03 code. When assessing the 
horizontal lateral comfort of structures, it is more reasonable to use the JGJ99-2015 code.

	5.	� The optimum vertical comfort level for the spatial large-span corridor is achieved when the crowd density 
does not exceed 0.3 persons/m2. As the crowd density continues to increase, the level of structural comfort 

Code

Frequency limit Acceleration limit

Vertical (Hz) Horizontal (Hz) Vertica (m/s2)
Horizontal 
(m/s2)

EN0343 1st order:1.25–2.3
2nd order: 2.5–4.6 0.5–1.2

Max: <0.5
Mean: 0.5–1.0
Min: 1.0–2.5 Unacceptable: > 2.5

Max: <0.1
Mean: 0.1–0.3
Min: 0.3–0.8 
Unacceptable: 
> 0.8

Technical Standard for Human 
Comfort of the Floor Vibration 44 >3 >1.2

Enclosed corridor:
<0.15
Unenclosed corridor:
<0.5

<0.1

Technical Specification for Steel 
Structure of Tall Building45 >3

Flat, office

0.07
(<2 Hz) Office, hotel: 

<0.280.05
(≥ 4 Hz)

Shopping center and indoor corridor

0.22
(<2 Hz) Houses, flats: 

<0.20.15
(≥ 4 Hz)

Table 10.  Design parameters and limitations for different codes.
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Response point
Load coupling 
condition

Vertical peak 
acceleration (m/s2)

Comfort level Horizontal lateral 
Peak acceleration 
(m/s2)

Comfort level
JGJ99-2015

EN03 JGJ99-2015 EN03 Office, hotel Houses, flats

1

1 0.0150

\ \

0.1288

Mean

Acceptable level Acceptable 
level

2 0.0153 0.1288

3 0.0154 0.1289

4 0.0159 0.1289

5 0.0154 0.1290

6 0.0096 0.1114

7 0.0098 0.1114

8 0.0101 0.1114

9 0.0108 0.1114

10 0.0104 0.1117

11 0.0064 0.0136

Max

12 0.0063 0.0148

13 0.0061 0.0157

14 0.0058 0.0170

15 0.0063 0.0182

2

1 0.0147

\ \

0.1269

Mean

Acceptable level Acceptable 
level

2 0.0150 0.1270

3 0.0151 0.1271

4 0.0156 0.1271

5 0.0155 0.1271

6 0.0111 0.0673

Max

7 0.0113 0.0674

8 0.0116 0.0674

9 0.0121 0.0675

10 0.0123 0.0677

11 0.0038 0.0112

12 0.0040 0.0119

13 0.0044 0.0131

14 0.0049 0.0142

15 0.0050 0.0151

3

1 0.0064

\ \

0.2236

Mean

Acceptable level

Unacceptable 
level

2 0.0070 0.2220

3 0.0084 0.2208

4 0.0100 0.2193

5 0.0108 0.2181

6 0.0056 0.1935

Acceptable 
level

7 0.0055 0.1918

8 0.0062 0.1907

9 0.0072 0.1892

10 0.0089 0.1882

11 0.0081 0.0181

Max

12 0.0089 0.0197

13 0.0099 0.0211

14 0.0114 0.0230

15 0.0123 0.0247

Continued
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Response point
Load coupling 
condition

Vertical peak 
acceleration (m/s2)

Comfort level Horizontal lateral 
Peak acceleration 
(m/s2)

Comfort level
JGJ99-2015

EN03 JGJ99-2015 EN03 Office, hotel Houses, flats

4

1 0.0067

\ \

0.2213

Mean

Acceptable level

Unacceptable 
level

2 0.0073 0.2194

3 0.0088 0.2181

4 0.0103 0.2165

5 0.0114 0.2151

6 0.0077 0.1183

Acceptable 
level

7 0.0072 0.1179

8 0.0088 0.1181

9 0.0101 0.1172

10 0.0107 0.1173

11 0.0081 0.0148

Max

12 0.0096 0.0151

13 0.0109 0.0160

14 0.0121 0.0176

15 0.0133 0.0195

5

1 0.0021

\ \

0.2696

Mean

Acceptable level

Unacceptable 
level

2 0.0031 0.2670

3 0.0035 0.2651

4 0.0042 0.2625

5 0.0047 0.2601

6 0.0017 0.2224

7 0.0026 0.2197

8 0.0032 0.2178

9 0.0037 0.2151

10 0.0041 0.2131

11 0.0051 0.0227

Max Acceptable 
level

12 0.0055 0.0235

13 0.0059 0.0247

14 0.0068 0.0262

15 0.0075 0.0281

6

1 0.1474

Max

Acceptable level 0.3104

Min

Unacceptable level Unacceptable 
level

2 0.3588

Unacceptable level

0.3051

3 0.4546 0.3011

4 0.5930
Mean

0.2942

Mean

5 0.7063 0.2915

6 0.1351

Max

Acceptable level 0.1821

Acceptable level Acceptable 
level

7 0.3388

Unacceptable level

0.1821

8 0.4281 0.1825

9 0.5700
Mean

0.1831

10 0.6942 0.1835

11 0.1546

Max

0.0215

Max

12 0.3580 0.0246

13 0.4412 0.0260

14 0.5500
Mean

0.0282

15 0.6679 0.0312

Continued

Scientific Reports |        (2024) 14:23023 24| https://doi.org/10.1038/s41598-024-73223-z

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


decreases. The horizontal lateral comfort of the structure is strongly influenced by the height of the structure 
and the wind angle. As the wind angle increases, the effective area of the lateral windward surface of the 
structure in the plane of the XY axis decreases, which in turn affects the horizontal lateral acceleration of the 
structure.

Data availability
The datasets used in this study are available upon request from the corresponding author.
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