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Abstract: Long-span roof structures are vulnerable to being damaged by downbursts due to the
sensitivity of such structures to wind loads. However, there is still no simple and practical method
for the downburst-resistant design of such structures to date. Inspired by the wind-induced vibration
coefficient (WVC) frequently used by engineers, this paper proposes a downburst-induced vibration
coefficient (DVC) to evaluate the response of a roof structure subjected to downbursts. The proposed
DVC is defined as the ratio of the total response to the mean response of the structure due to the action
of downburst wind loads. The influences of different parameters on the downburst-induced vibration
response of a long-span single-layer spherical reticulated structure are first analyzed in detail. Then,
using a statistical approach, a design DVC, which can be practically adopted for civil engineers to
evaluate the total structural response, is proposed to facilitate the structural downburst-resistant
design. With the influences of different structural parameters fully taken into consideration, the
design DVCs of displacement and internal force are studied through orthogonal analysis. Finally,
regression models of the design DVCs are presented, and their reliability is verified via the application
to a case study. The verification results indicate that the proposed regression models of the design
DVCs are reliable and can be utilized to simply calculate the structural downburst-induced vibration
response. The results obtained can serve as a reference for the downburst-resistant design of long-span
roof structures.

Keywords: downburst; long-span roof structure; downburst-induced vibration response;
downburst-induced vibration coefficient (DVC); downburst-resistant design

1. Introduction

As sudden severe wind disasters, downbursts are defined as strong downdrafts that
typically occur and descend from thunderstorm systems, and further induce outbursts of
damaging winds on or near the ground. Downbursts have received much attention owing
to their destructive power against affected structures [1–3]. The vertical wind profile of
a downburst differs significantly from that of atmospheric boundary layer (ABL) wind.
Additionally, the vertical wind speed, usually neglected in the ABL wind field, has strong
effects on the characteristics of the downburst wind field [4]. Surveys and statistics show
that frequent and widespread downbursts, especially microbursts, have caused considerable
damage to aviation industries and civil infrastructures in recent decades [5–7]. Downbursts
can pose severe threats to structures located in their impact areas [8–10]. Primary and
enclosure structures exposed to a downburst can be seriously damaged.

As regional and even national landmarks, long-span roof structures (e.g., flat, saddle,
cylindrical and spherical roof shapes) have been widely applied in stadiums, exhibition
halls and shopping malls because of their excellent mechanical properties, large available
space and graceful appearance [11–14]. However, these structures are wind-sensitive due
to their low mass, high flexibility and small damping ratio, and tend to experience large
vibrations and deformations under wind load excitation [15]. Therefore, researchers have
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focused on analyzing the wind-induced vibration response of long-span roof structures.
Su et al. [16] presented a fast frequency-domain algorithm to evaluate the structural vi-
bration response due to wind loads. The accuracy and efficiency of the new algorithm
were verified via two case studies, including a long-span roof with a rise–span ratio of 1/3.
Through wind tunnel tests, Wang et al. [17] measured wind pressure time histories and
used the finite particle method (FPM) to evaluate the vibration response of a long-span
roof. Their results demonstrated the reliability of the FPM in analyzing the response of
such structures. Li et al. [18] systematically studied the non-stationarity of a tornado and
its influence on the dynamic response of a long-span dome-roof structure through finite
element analysis (FEA) and computational fluid dynamics (CFD) simulation. The results
showed that when the tornado’s core radius was close to the dome-roof structure, the
non-stationary wind pressure and structural response became especially significant. Chen
et al. [19] carried out full-scale measurements of the wind loads and vibration responses of
a long-span roof structure during the typhoon Nuri. The measured response was compared
with the FEA results. Moreover, likely inspired by the effective application of the wind-
induced vibration coefficient (WVC) in high-rise structures [20], scholars investigated the
WVC of long-span roof structures subjected to ABL wind loads. Research reported by He
et al. [21], Zhang et al. [22] and Zhou et al. [23] proved that structural parameters, including
geometry, damping ratio, roof mass and boundary conditions, can greatly influence the
vibration responses of long-span roof structures. Hence, it is critical to comprehensively
consider these parameters in a structural WVC analysis.

It should be noted that all of the above studies focus on long-span roof structures
subjected to ABL wind, typhoon and tornado loads. However, because of the unique nature
of downburst wind loads, the conventional WVC based on ABL wind loads is unsuitable
for structures subjected to downbursts. Therefore, additional studies have been performed
particularly to gain a better understanding of the downburst-induced vibration responses
of long-span roof structures. Through the use of an improved deterministic–stochastic
hybrid model, Chen et al. [24] presented a new method to numerically simulate the wind
pressure and compute the microburst-induced response of a flat roof. They found that the
ratio of the jet speed to translation speed of a microburst significantly influenced the peak
value of the structural wind pressure. Another study performed a nonlinear analysis of the
downburst-induced response of roof structures with force-limiting devices. The research
showed that the reasonable application of force-limiting devices can reduce structural
displacement and thus prevent the structure from collapsing [25]. Their research mainly
focused on the structural dynamic response and did not analyze the impacts of structural
parameters. Later, Zhou et al. [26] performed a parametric analysis of the downburst-
induced vibration response of a simply supported beam roof structure. The influences of
structural parameters, including stiffness and span, on the structural response were studied.

Current limited research on how downbursts affect long-span roof structures is focused
primarily on the structural dynamic response and lacks comprehensive consideration of
potential influencing parameters. In addition, there is even less research on the downburst-
resistant design of such structures. This paper proposes the downburst-induced vibration
coefficient (DVC), and presents a detailed study on the downburst-induced vibration
response and DVC of a single-layer spherical reticulated structure. The influences of
different parameters on the structural vibration response are first analyzed through the
simulation of downbursts. Then, from the perspective of a statistics-guided downburst-
resistant design, design DVCs of displacement and internal force are further proposed.
Regression models that consider the influences of structural parameters are developed
through an orthogonal analysis to assist in the design DVCs. Finally, the accuracy and
reliability of the regression models are verified via the application to a case study.
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2. Downburst Wind Field

According to the deterministic–stochastic hybrid model [27,28], the total wind speed
of a downburst can be expressed as follows:

U(z, t) = U(z, t) + u(z, t) (1)

where U(z, t) and u(z, t) are the total wind speed and fluctuating component, respectively;
U(z, t) is the time-varying mean wind speed, and can be expressed as follows:

U(z, t) = V(z)× ft(t) (2)

in which f t(t) is a time function related to the time-variability of the mean wind speed; V(z)
is the vertical wind profile, and can be described by the Wood model [29]:

V(z) = 1.55(z/δ)1/6 · [1− erf(0.7z/δ)] ·Vmax (3)

where Vmax is the maximum horizontal wind speed in the above profile; δ is the height
where the wind speed reaches half of its maximum value; erf(x) = 2/

√
π ·
∫ x

0 e−y2
dy is the

error function.
Holmes et al. [30] pointed out that the actual wind speed of a downburst is approx-

imately the vector synthesis of its radial speed and translation speed. Furthermore, the
radial speed can be expressed as follows:

Vr (r, t) =

 Vr,max · (r/rmax) (r < rmax)

Vr,max · exp
[
−
(

r−rmax
Rr

)2
]

(r ≥ rmax)
(4)

in which r is the horizontal distance between the observation point and the downburst
center; Vr,max is the maximum wind speed; rmax is the horizontal distance between the
radial position of Vr,max and the downburst center; Rr is the radial length scale.

As shown in Figure 1, the downburst of interest moves forward with a translation
speed Vr. The initial coordinate of the observation point P relative to the downburst
center O is set to (d1, d2). As the downburst moves, the above coordinate is updated to
(d1 −Vtt, d2) at time t. Hence, the radial speed vector Vr(t) of the observation point can be
obtained by:

Vr(t) = r/|r| ·Vr(|r|, t) (5)

in which r = (d1 − Vtt, d2); Vr(·) is the function of the radial speed as expressed by
Equation (4).

Figure 1. Vector synthesis of the downburst’s radial speed and translation speed.

Then, the actual wind speed vector of the downburst can be written as follows:

Vc(t) = Vr(t) + Vt (6)
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where Vt = (Vt, 0) is the translation speed vector.
In this study, the variation of the wind direction caused by the downburst’s translation

is neglected; then, the time function ft(t) in Equation (2) can be expressed as follows:

ft(t) = |Vc(t)|/|Vc(t)|max (7)

Finally, the mean wind speed U(z, t) can be successfully obtained by substituting
Equations (3) and (7) into Equation (2).

The fluctuating component of a downburst can be expressed as follows [28]:

u(z, t) = a(z, t) · k(z, t) (8)

in which a(z, t) = 0.11U(z, t) is a time-varying amplitude modulation function; k(z, t)
is a non-stationary stochastic process with a given power spectrum, and it reflects the
characteristics of the fluctuating wind speed.

The following normalized Kaimal spectrum S(z,w) is selected as the target power
spectral density (PSD) of k(z, t) [31]:

S(z, ω) =
1
2

200
2π

u2
∗

z
U(z)

1[
1 +

50zω

2πU(z)

]5/3 (9)

where u∗ = 1.76 m/s is the flow shear speed; ω is the circular frequency.

3. Methodology of Numerical Analysis
3.1. Analysis Method and Basic Assumptions

Considering that both the mean and fluctuating components of a downburst are
time-varying, the Newmark-β method [32], which is a well-known time-domain analysis
method, is utilized to obtain the structural dynamic response. In addition, compared with
the size of a downburst wind field, the structural size is relatively small. Then, the following
conditions are assumed:

(1) The effect of transverse turbulence, which is perpendicular to the wind flow direction,
is ignored in the downburst wind field. That is to say, only the along-wind load
is considered.

(2) The structural elements are in a linear elastic state for the duration of the down-
burst wind load, so as to guarantee the complete linear constitutive relation of the
structural materials.

3.2. Downburst-Induced Vibration Coefficient (DVC)

Like the WVC applied to ABL wind loads, the structural dynamic effect caused by the
fluctuating component of a downburst can be considered via DVC, which is defined here as
the ratio of the total response to the mean response of the structure subjected to downbursts.
Additionally, since the nodal displacement and elemental internal force are generally major
considerations in the vibration response analysis of long-span roof structures, DVCs of
nodal displacement and elemental internal force are adopted in this study.

In the conventional vibration response analysis of structures subjected to ABL wind
loads, the peak assurance factor [23,33], which is a constant introduced to guarantee safety,
is essential for the calculation of the WVC. However, there is still no reliable peak assurance
factor for downburst wind loads. Furthermore, the time-variability of the mean wind speed
of a downburst also means that the traditional approach to calculating the WVC, which is
dependent on an invariant mean wind speed, is no longer suitable for downburst wind
loads. Therefore, with the maximum structural response taken into consideration, the
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adopted DVCs of nodal displacement and elemental internal force in this study are defined
as follows: {

ϕDi = RDi/RDi
ϕFj = RFj/RFj

(10)

where ϕDi and ϕFj are the DVCs of node i and element j, respectively; RDi and RDi are
the maximum displacements of node i under the total and mean downburst wind loads,
respectively; RFj and RFj are the maximum internal forces of element j under the total and
mean downburst wind loads, respectively.

4. Numerical Analysis
4.1. Structural Model

A long-span single-layer spherical reticulated structure was selected for analysis. The
structure was modeled in the working environment of MATLAB software by using the
finite element method. As shown in Figure 2a, three-way hinged supports are set at the
outermost nodes of the structure. Its eaves height is 10 m, and the cross-sectional size of the
structural element is Φ132 mm × 5 mm. The elements are linked through rigid connections.

Figure 2. Long-span single-layer spherical reticulated structure: (a) structural model (top view);
(b) node numbers; (c) element numbers.

Moreover, for the convenience of the following expression, a baseline model is defined.
Its span (L), rise–span ratio (λ) and damping ratio (ζ) are 40 m, 1/5 and 0.03, respectively.
Furthermore, the roof mass (W), uniformly distributed on the structure, is 80 kg/m2. There
are 91 nodes and 240 elements in total, and the node numbers and element numbers are
presented in Figure 2b,c.

4.2. Simulation of Downbursts

According to the theory presented in Section 2, downburst wind speeds at the struc-
tural nodes were further simulated. Considering that downbursts are generally charac-
terized by their short life span (approximately 10 to 20 min) but high-intensity winds [9],
and that a large number of simulations were carried out in this study, a simulation time of
T= 600 s was selected. The downburst’s translation speed was set to Vt = 10 m/s, and the
relative position coordinate of the structural vertex to the downburst center at time t = 0
was specified as (d1,d2) = (3000 m, 150 m). The other simulation parameters adopted are
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listed in Table 1 [27,30], where the parameter values are set according to the aforementioned
Wood model and the vector synthesis method.

Table 1. Main parameters adopted in the simulation of downbursts.

Parameter Vmax(m/s) δ(m) Vr,max(m/s) Rr(m) rmax(m/s)

Value 80 400 47 700 1000

Figure 3 shows the simulated downburst at node 9 on the baseline model. It is obvious
from Figure 3a that the time function well reflects the variation of the mean wind speed.
In addition, the comparison of PSDs, displayed in Figure 3d, shows that the simulated
PSD was consistent with the target one, indicating the reliable simulation of the fluctuating
wind speed.

Figure 3. Simulated downburst at node 9: (a) mean wind speed and time function; (b) fluctuating
wind speed; (c) total wind speed; (d) comparison of the PSDs.

4.3. Influences of the Structural Parameters

In this section, the influences of the parameters described in Section 4.1 on the struc-
tural vibration response are discussed in detail. Considering the practical engineering
application and that it is inadvisable for a single-layer spherical reticulated structure with a
span over 80m or a rise–span ratio of less than 1/7 [34], parameter values of the structure
are set and listed in Table 2.

Table 2. Parameter values of the structure.

Parameter L(m) λ ζ W (kg/m2)

Value 30 40 50 1/6 1/5 1/4 0.01 0.03 0.05 40 80 120
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In the following analysis, the roof mass is concentrated to the structural nodes. More-
over, it should be noted that when investigating the influence of a certain parameter, the
other parameters are kept constant and the same as those of the baseline model. Due to
the randomness of downburst wind loads, each possible parameter combination requires
numerous simulations in order to allow for proper statistical analysis and the discovery
of any trends in the structural response. Furthermore, due to the geometric symmetry of
the structure and for convenience, a group of radial nodes and elements located at the
structural symmetrical position was representatively selected for analysis. The fluctuations
in the nodal displacements and elemental internal forces are described by their mean square
deviations, which can be obtained from:

σDi =

√
1

n− 1

n
∑

i=1

(
Di − Di

)2

σFj =

√
1

n− 1

n
∑

j=1

(
Fj − Fj

)2
(11)

where Di, Di and σDi are the total, mean and mean square vertical displacements of node i,
respectively; Fj, Fj and σFj are the total, mean and mean square internal forces of element j,
respectively; n is the number of load steps.

Figure 4 shows the structural responses versus different spans. It was observed
that with the increase of span, the mean and fluctuation of the nodal displacements and
elemental internal forces increase synchronously. This synchronicity arises from the fact
that increasing the span decreases of the structural stiffness. In addition, the DVCs of nodal
displacement and elemental internal force also increase gradually with the increasing span.

The relationship between the structural response and the rise–span ratio is shown in
Figure 5, where the mean and fluctuating responses of nodal displacement and elemental
internal force both decrease with the increasing rise–span ratio. This phenomenon oc-
curs because the increasing rise–span ratio increases the structural stiffness. In addition,
Figure 5e shows that for nodes at the middle of the structure, increasing rise–span ratio
decreases the DVC of nodal displacement. However, for nodes near the structural edge, the
DVC of nodal displacement increases with the increasing rise–span ratio. This is because
the non-uniform distribution of the wind pressure on the structural surface leads to the
corresponding differences of wind sensitivity at different regions of the structure. As the
rise–span ratio increases, the nodal displacements near the structural edge form a multi-
wave surface under the action of the fluctuating load. However, the mean displacements
of these nodes are relatively small due to the constraints. Additionally, according to the
definition of the DVC of nodal displacement, the ratios of the total displacements to the
mean displacements increase for these nodes but remain within a reasonable range. More-
over, nodes with an abnormal DVC of nodal displacement are located near the roof edge
and obviously unable to serve as controlling factors to guarantee structural safety. Finally,
as shown in Figure 5f, the DVC of elemental internal force decreases gradually with the
increasing rise–span ratio, which is consistent with the behavior of elemental internal force.
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Figure 4. Structural responses versus different spans: (a) mean displacements of nodes; (b) mean
square displacements of nodes; (c) mean internal forces of elements; (d) mean square internal forces
of elements; (e) DVCs of nodal displacement; (f) DVCs of elemental internal force.
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Figure 5. Structural responses versus different rise–span ratios: (a) mean displacements of nodes;
(b) mean square displacements of nodes; (c) mean internal forces of elements; (d) mean square
internal forces of elements; (e) DVCs of nodal displacement; (f) DVCs of elemental internal force.

Figure 6 shows that the damping ratio can hardly affect the mean structural response
because the mean component of the downburst wind load varies slowly enough to be nearly
equivalent to a static process. However, as the damping ratio increases, the fluctuations of
the nodal displacement and elemental internal force both decrease, especially when the
damping ratio increases from 0.01 to 0.03. Moreover, the DVCs of nodal displacement and
elemental internal force also decrease with the increasing damping ratio.
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Figure 6. Structural responses versus different damping ratios: (a) mean displacements of nodes;
(b) mean square displacements of nodes; (c) mean internal forces of elements; (d) mean square
internal forces of elements; (e) DVCs of nodal displacement; (f) DVCs of elemental internal force.

Figure 7 displays the structural responses versus different roof masses. As in the
case above, the slow variation of the mean component of the downburst wind load means
that the change of roof mass has little influence on the mean responses. However, with
the increase of roof mass, the structural frequency decreases and becomes closer to the
frequency of the downburst wind load, and thus increases the fluctuations of the nodal
displacements and elemental internal forces. Moreover, it is clear from Figure 7e,f that the
DVCs of nodal displacement and elemental internal force increase with the increasing roof
mass, which is parallel to the relationship between the mean and fluctuating responses.
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Figure 7. Structural responses versus different roof masses: (a) mean displacements of nodes;
(b) mean square displacements of nodes; (c) mean internal forces of elements; (d) mean square
internal forces of elements; (e) DVCs of nodal displacement; (f) DVCs of elemental internal force.

4.4. Global DVC of the Structure

Long-span roof structures typically require numerous nodes and elements for model-
ing with adequate accuracy. Furthermore, their DVCs are dissimilar. Hence, it is impractical
for engineers to evaluate the safety of the whole structure according to the DVC of each
node or element. Therefore, borrowing the idea of envelope [23], the following global
DVCs are introduced to capture the total responses of all nodes and elements:{

ϕ∗D =
{

ϕDi ×
∣∣Di
∣∣}

max/
{∣∣Di

∣∣}
max

ϕ∗F =
{

ϕFj ×
∣∣Fj
∣∣}

max/
{∣∣Fj

∣∣}
max

(12)

where ϕ∗D and ϕ∗F are the global DVCs of displacement and internal force, respectively;{
ϕDi ×

∣∣Di
∣∣}

max is the structural maximum nodal displacement due to the total downburst
wind load,

{∣∣Di
∣∣}

max is the maximum displacement of the corresponding node due to the
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mean downburst wind load;
{

ϕFj ×
∣∣Fj
∣∣}

max is the structural maximum elemental internal
force due to the total downburst wind load;

{∣∣Fj
∣∣}

max is the maximum internal force of the
corresponding element caused by the mean downburst wind load.

As shown in Figures 8 and 9, analyzing the vibration response of the baseline model
reveals that the DVCs of nodal displacement and elemental internal force are extremely
non-uniform. And for quite a few nodes and elements, the DVCs are greater than their
corresponding global DVC. However, the computed results demonstrate that these nodes
and elements with greater DVCs tend to have relatively smaller responses, implying
that they can hardly control structural safety. Finally, it is clear that these nodes with
DVCs greater than the corresponding global DVC are primarily located near the structural
constraints, which can also be explained as described in Section 4.3.

Figure 8. Comparison of the DVC of nodal displacement and the global DVC of displacement.

Figure 9. Comparison of the DVC of elemental internal force and the global DVC of internal force.

Figure 10 compares the actual total responses and those computed via the global DVCs
for the baseline model. It can be found that the computed total responses effectively enve-
lope the actual responses. For a portion of nodes and elements, the computed total response
is lower than the actual response; however, the structure is still safe according to the actual
maximum nodal displacement ((RD)max, as shown in Figure 10a) and elemental internal
force ((RF)max, as shown in Figure 10b), which are equal to the computed maximum values.
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Figure 10. Comparisons of the structural total responses: (a) nodal displacement; (b) elemental
internal force.

Figure 11 reveals the influences of structural parameters on the global DVCs of dis-
placement and internal force. It is clear that the global DVCs increase with the increasing
span and roof mass, and decrease with the increasing rise–span ratio and damping ra-
tio. Such behavior is consistent with the DVCs of nodal displacement and elemental
internal force.

Figure 11. Influences of structural parameters on the global DVCs: (a) span; (b) rise–span ratio;
(c) damping ratio; (d) roof mass.

4.5. Results and Discussion

Based on the previous analysis, it is clear that the structural responses are affected
by multiple parameters, among which the span and rise–span ratio have larger influences
than the damping ratio and roof mass. Specifically, the structural responses increase
with the increasing span and roof mass, while decrease with the increasing rise–span
ratio and damping ratio. Damping ratio and roof mass primarily affect the fluctuating
responses. Furthermore, the influences of the structural parameters on the global DVCs of
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displacement and internal force are consistent with that of the DVCs of nodal displacement
and elemental internal force.

The DVCs of nodal displacement and elemental internal force are obviously discrete,
and the proposed computational method based on the global DVCs provides a more
efficient way to acquire the total responses of the whole structure with the precondition of
ensuring safety.

5. Design DVC of the Structure

The randomness of downburst wind loads means that the uncertainty of the global
DVCs obtained from Equation (12) hinders the direct use of the global DVCs for the
downburst-resistant design of long-span roof structures. Considering that numerous calcu-
lations are performed for statistical analysis, the above global DVCs meet the characteristics
of normal distribution, and can be further characterized by

ϕ∗D − µ(ϕ∗D)

σ(ϕ∗D)
∼ N(0, 1)

ϕ∗F − µ(ϕ∗F)

σ(ϕ∗F)
∼ N(0, 1)

(13)

where µ(ϕ∗D) and σ(ϕ∗D) are the mean and mean square values of the global DVC of
displacement, respectively; µ(ϕ∗F) and σ(ϕ∗F) are the mean and mean square values of the
global DVC of internal force, respectively.

Therefore, the following design DVCs, which consider the statistical characteristics
and include the design DVC of displacement ΦD and design DVC of internal force ΦF, are
further proposed:

ΦD

{
ΦD = µ(ϕ∗D) + ασ(ϕ∗D)

ΦF = µ(ϕ∗F) + ασ(ϕ∗F)
(14)

where α, the safety coefficient, is set to 2.06 based on mathematical statistics to provide a
safety assurance rate of 98%.

Then, in the downburst-resistant design of long-span roof structures, the total struc-
tural responses can be estimated by {

RD = ΦDRD

RF = ΦFRF
(15)

where RD and RF are the structural displacement and internal force under the total down-
burst wind load, respectively; RD and RF are the displacement and internal force under the
mean downburst wind load, respectively.

5.1. Orthogonal Calculation and Regression Analysis

It should be noted that the structural response is affected by multiple parameters.
Therefore, using the concept of the orthogonal test [35], a series of orthogonal calculations
were carried out in the following to consider all potential influences of different parameters
on the proposed design DVCs. Calculation cases were formulated according to the analysis
in Section 4.3 and listed in Table 3. A statistical analysis was also performed for each case,
which comprises a large number of calculations.
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Table 3. Orthogonal calculation cases.

Case No. L (m) λ ζ W (kg/m2) Case No. L (m) λ ζ W (kg/m2)

1 44 0.22 0.04 100 16 37 0.195 0.03 80
2 30 0.22 0.02 100 17 37 0.195 0.03 120
3 37 0.195 0.03 40 18 37 0.195 0.03 80
4 44 0.17 0.02 100 19 30 0.17 0.04 60
5 30 0.22 0.02 60 20 44 0.22 0.02 100
6 37 0.195 0.03 80 21 30 0.17 0.02 100
7 37 0.245 0.03 80 22 51 0.195 0.03 80
8 44 0.22 0.02 60 23 23 0.195 0.03 80
9 37 0.195 0.05 80 24 44 0.17 0.04 60

10 30 0.17 0.04 100 25 37 0.195 0.03 80
11 30 0.17 0.02 60 26 37 0.195 0.03 80
12 37 0.195 0.03 80 27 37 0.195 0.01 80
13 30 0.22 0.04 100 28 44 0.22 0.04 60
14 44 0.17 0.04 100 29 37 0.145 0.03 80
15 44 0.17 0.02 60 30 30 0.22 0.04 60

The previous analysis shows that the structural response is nonlinearly influenced by
different parameters. Hence, the following quadratic regression models are proposed to
characterize the relationship between the design DVCs and the structural parameters:

ΦD = η0 + η1L + η2λ + η3ζ + η4W + η11L2 + η12Lλ + η13Lζ+

η14LW + η22λ2 + η23λζ + η24λW + η33ζ2 + η34ζW + η44W2

ΦF = χ0 + χ1L + χ2λ + χ3ζ + χ4W + χ11L2 + χ12Lλ + χ13Lζ+

χ14LW + χ22λ2 + χ23λζ + χ24λW + χ33ζ2 + χ34ζW + χ44W2

(16)

in which the parameters η and χ with subscripts are the regression coefficients.
Then, based on the results obtained from orthogonal calculations, significance analysis

of the regression models was performed with Design-Expert software (Version 8.0.6.1),
which has unique advantages in experimental design and data analysis [36]. Tables 4 and 5
show the preliminary significance analysis results of models ΦD and ΦF, respectively. The
value of p is the significant index; in particular, p ≤ 0.01, p ≤ 0.05 and p > 0.05 mean that
the corresponding source has extremely significant, significant and low influence on the
model being analyzed, respectively.

Table 4. Preliminary significance analysis results of model ΦD.

Source Sum of Square Degree of Freedom Mean Square p

L 3.4 × 10−1 1 3.4 × 10−1 <0.0001
λ 5.83 × 10−4 1 5.83 × 10−4 0.2878
ζ 1.5 × 10−2 1 1.5 × 10−2 <0.0001
W 7.48 × 10−3 1 7.48 × 10−3 0.0013
Lλ 1.8 × 10−2 1 1.8 × 10−2 <0.0001
Lζ 4.18 × 10−3 1 4.18 × 10−3 0.0099
LW 5.87 × 10−4 1 5.87 × 10−4 0.2864
λζ 4.26 × 10−5 1 4.26 × 10−5 0.7698
ζW 1.42 × 10−3 1 1.42 × 10−3 0.1055
λW 6.88 × 10−4 1 6.88 × 10−4 0.2499
L2 3.71 × 10−3 1 3.71 × 10−3 0.014
λ2 2.29 × 10−4 1 2.29 × 10−4 0.5001
ζ2 3.04 × 10−3 1 3.04 × 10−3 0.0237

W2 2.39 × 10−4 1 2.39 × 10−4 0.4914
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Table 5. Preliminary significance analysis results of model ΦF.

Source Sum of Square Degree of Freedom Mean Square p

L 1.7 × 10−1 1 1.7 × 10−1 <0.0001
λ 7.05 × 10−4 1 7.05 × 10−4 0.3597
ζ 7.44 × 10−3 1 7.44 × 10−3 0.0078
W 4.53 × 10−3 1 4.53 × 10−3 0.0301
Lλ 1.6 × 10−2 1 1.6 × 10−2 0.0005
Lζ 1 × 10−2 1 1 × 10−2 0.0026
LW 1.21 × 10−6 1 1.21 × 10−6 0.9694
λζ 5.21 × 10−4 1 5.21 × 10−4 0.4293
ζW 8.48 × 10−4 1 8.48 × 10−4 0.3162
λW 6.11 × 10−4 1 6.11 × 10−4 0.3928
L2 9.21 × 10−5 1 9.21 × 10−5 0.7373
λ2 3.42 × 10−4 1 3.42 × 10−4 0.5204
ζ2 1.55 × 10−3 1 1.55 × 10−3 0.1819

W2 2.44 × 10−3 1 2.44 × 10−3 0.0988

Parameters and product terms with p > 0.05 were ignored and then the model
corresponding to them was reanalyzed. After several rounds of analysis, the final sig-
nificance analysis results of models ΦD and ΦF were obtained, as respectively shown in
Tables 6 and 7. It can be found that parameters L, ζ and W and product terms Lλ and Lζ
have non-negligible influences on the design DVCs. In addition, p > 0.05 for the item
“Lack of fit” in the two models indicates an insignificant mismatch of the regression models.
Meanwhile, p < 0.0001 for the item “Model” in the two models validates the reliability of
the regression results.

Table 6. Final significance analysis results of model ΦD.

Source Sum of Square Degree of Freedom Mean Square p

Model 3.9 × 10−1 5 7.8 × 10−2 <0.0001
L 3.4 × 10−1 1 3.4 × 10−1 <0.0001
ζ 1.5 × 10−2 1 1.5 × 10−2 <0.0001
W 7.48 × 10−3 1 7.48 × 10−3 0.003
Lλ 1.8 × 10−2 1 1.8 × 10−2 <0.0001
Lζ 4.18 × 10−3 1 4.18 × 10−3 0.021

Lack of fit 1.5 × 10−2 19 7.86 × 10−4 0.1441

Table 7. Final significance analysis results of model ΦF.

Source Sum of Square Degree of Freedom Mean Square p

Model 2 × 10−1 5 4.1 × 10−2 <0.0001
L 1.7 × 10−1 1 1.7 × 10−1 <0.0001
ζ 7.44 × 10−3 1 7.44 × 10−3 0.0049
W 4.53 × 10−3 1 4.53 × 10−3 0.0235
Lλ 1.6 × 10−2 1 1.6 × 10−2 0.0002
Lζ 1 × 10−2 1 1 × 10−2 0.0013

Lack of fit 1.4 × 10−2 19 7.22 × 10−4 0.7113

According to the above analysis, the final regression models of the design DVCs are
obtained as follows:{

ΦD = 1.475 + 0.026L + 6.047ζ + 8.827× 10−4W − 9.705× 10−3Lλ− 0.231Lζ

ΦF = 1.165 + 0.025L + 11.616ζ + 6.87× 10−4W − 9.869× 10−3Lλ− 0.362Lζ
(17)

Figure 12 compares the design DVCs obtained via regression (i.e., Equation (17)) and
those obtained through orthogonal calculations. It can be found that the design DVCs
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of both displacement and internal force closely follow an ideal straight line, on which
the design DVCs obtained from regression are equal to those obtained from orthogonal
calculations.

Figure 12. Comparisons of the design DVCs obtained via regression and orthogonal calculations:
(a) design DVC of displacement; (b) design DVC of internal force.

5.2. A New Case Study

To further demonstrate the reliability of the above regression models, a structure with
parameters L = 38 m, λ = 1/7, ζ= 0.02 and W = 70 kg/m2 was selected as the basis for
a new case study. The proposed and actual total responses are compared in Figure 13,
where the proposed total responses were obtained via the design DVCs calculated by
Equation (17). It is obvious that the actual total responses are well within the envelope set
by the proposed responses, especially for the nodes and elements with large responses.

Figure 13. Comparisons of the proposed and actual total responses of the structure: (a) nodal
displacement; (b) elemental internal force.

5.3. Discussion

Fully considering the randomness of downburst wind loads and the comprehensive
influences of multi-structural parameters, design DVCs of displacement and internal force
are proposed for providing a practicable way to evaluate the total structural response in
the downburst-resistant design of long-span roof structures. In addition, the relationship
between the design DVCs and the structural parameters can be characterized by quadratic
polynomial regression models.

The comparison between the design DVCs obtained via regression and those obtained
through orthogonal calculations verifies that the obtained regression models of the design
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DVCs are sufficiently accurate to compute the design DVCs. In addition, the case study
further demonstrates that the proposed regression models are reliable, and thus can be
practically used to more efficiently evaluate the total response of long-span roof structures.

6. Conclusions

The threat of potentially catastrophic damage done to wind-sensitive structures has
become a long-time topic of interest for researchers. However, there is not yet enough
effort and attention directed towards studying and mitigating the impacts of downburst
wind loads on long-span roof structures. In view of this situation, this paper performed a
parametric study on the downburst-induced vibration response of a single-layer spherical
reticulated structure and proposed the downburst-induced vibration coefficient (DVC).
The main conclusions were as follows:

(1) The parametric studies show that the structural vibration responses (i.e., nodal dis-
placements, elemental internal forces and their corresponding DVCs) generally in-
crease with the increasing span and roof mass, and decrease with the increasing
rise–span ratio and damping ratio. In addition, the damping ratio and roof mass have
relatively little influence on the mean responses of nodal displacements and elemental
internal forces.

(2) The design DVCs of displacement and internal force proposed in this study can
sufficiently account for the randomness of downburst wind loads and make it possible
to uniformly capture the total responses of all nodes and elements.

(3) The proposed regression models of the design DVCs of displacement and internal
force are reliable enough to be practically used for civil engineers to more efficiently
evaluate the total structural response in the downburst-resistant design of long-span
roof structures.
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