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ABSTRACT

Because of the high specific stiffness and strength inherent in the sandwich structure composed of
facesheet that resists in-plane loads and a core that resists out-of-plane loads, it is often used for large
and light-weighted structures. However, inevitably the increased flexibility allows greater deforma-
tion-based disturbances in the structures. Thus, it is necessary to analyze the structural safety. To obtain
more accurate analytical results, the input disturbances must more closely simulate real load conditions;
to improve accuracy, non-linear elements such as gust effects were considered. In addition, the structural
safety was analyzed for the iso-grid sandwich panel structure using fluid-structure interactions. For a
more realistic simulation, flow velocity fields, which consider the effects of irregular gust fluctuation,
were generated and the coupled field was analyzed by mapping the pressure and displacement.
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Nomenclature

K, : Altitude distribution coefficient for wind
velocity

K, : Additional wind speed coefficient

k : Turbulence kinetic energy

& : Turbulence dissipation rate

1. Introduction

With the recent global weather change, the fre-
quency of the occurrence of large typhoons has
increased, and owing to the increase in the max-
imum wind speeds of typhoons, support structures
with improved ability to withstand greater wind
loads are required. Wind, which is one of the dis-
turbances for a structure, is represented by random
data, and displays complex and irregular behavior
depending on time and altitude; there is no perio-
dicity in wind behavior over a particular time
interval. Because of its variability, the effects of
wind on structures are applied using statistical meth-
ods, and that shows the uniqueness mathematically.
Wind speed is divided into average wind speed,
which shows equal distribution per unit time, and
variable speed, irregular
distribution. Gusts are a representative example of
variable wind speed. In analyzing real structures,
randomly distributed wind loads must be included;
irregular, but realistic,
difficulties.

Meanwhile, sandwich panel structures, which are
widely used in large light structures, are com-
posed of face bars that support the in-plane load,
and heartwood, which supports the out-of-plane
load. However, when these structures experience
high exterior loads, which is characteristic of
structures, increased flexibility occurs, and further
analysis of structural safety must be performed. In
addition, for accurate structural safety analysis, the
input loading should be more closely considered

wind which  shows

winds cause numerous
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relative to the actual physical phenomenon.

Many studies have been performed related to
large-scale structural wind analysis. Large-scale
structural analysis was performed for wind loading
by Jeong et al'’. In the study, the wind load was
considered; however, for the structural analysis,
the mapping procedure between the pressure and
deformation was not carried out, and gust effects
were not considered in the application of wind
loads. The effects of turbulence viscosity with re-
spect to wind loads were considered by Han et
al®?; however, the procedure for mapping wind
pressure to structural deformation was not
considered.

Therefore, in this study, variable effects were
considered, relative to the use of a large liquid
storage structure composed of sandwich panels,
and to randomly distributed input wind loads that
accounted for the irregular velocity changes inherent
in gust effects. Based on this, a flow field was
produced and pressure-displacement mapping techni-
que was applied to illustrate the stress distribution
in the structural analysis field. Additionally, struc-
tural safety analysis of an actual large liquid stor-
age unit, made of grid-reinforced panels, was
performed. The k-& model proposed by Scott-
Pomerantz” was used to model the turbulence vis-
cosity effects of the interface between the structural
surface and the fluid.

2. Developing of Design Wind Load
with Gust

2.1 Random Distributed Wind Load

Generally, when wind load is interpreted as an
exterior input load, it is done by considering only
the average wind speed, and assuming that the
load condition is static. However, the actual phys-
ical phenomenon that takes place more closely re-
lates to a random distribution of wind loads, and
to obtain the most accurate model possible, ran-
dom distributed wind loading that includes varia-
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ble wind speed, must be considered. These con-
ditions are required because variable wind speeds
are dynamic loads that induce vibration effects on
the structure. Variable wind speed is the irregular
velocity component that rapidly changes per unit
time, and can be modeled as a spectrum function
with variable frequency distribution characteristics.
From the point of view of structural safety, the
total wind load can be represented by static wind
loads modeled using average wind speed and dy-
namic wind loads modeled using variable wind
speeds. Static wind loads are divided into drag,
dynamic lift, and torsional moment components,
and the static wind power
termined using the average wind speed and sec-
tional form. Through static interpretation and anal-
ysis, the structure’s response behavior is deter-
mined. Alternatively, static wind loads can also be
divided into self-excited vibration loads resulting
from the interaction of wind pressure and the re-
sistant structural forces and dynamic loads repre-
sented by turbulence components. The resulting re-
sponse of the structure can then be determined
through dynamic interpretation. To determine the
response for irregular, variable wind speed effects,
frequency field interpretation is generally used;
however theoretically, the frequency field inter-
pretation method can only be applied when the
load—displacement relationship is linear. The time
history of variable wind speed in a time field in-
terpretation should be used to account for the cor-
relation of two points in a space via cross-spec-
trum analysis.

When producing an actual, large-scale structure,
if it is based on specific regulations or design
standards, similar equivalent interpretation methods
with smaller inherent operational costs are appro-
priated. Similar equivalent interpretation is a meth-
od of resolving more complex wind loads into
uniform loads and their structural responses based
on static and dynamic wind loading. Interpretation
using the similar equivalent method works by de-

coefficient is de-

termining the design wind speed through regional
characteristics similar in nature to the target
application. Speeds are calculated at environmental
conditions and their effects are evaluated relative
to engineering characteristics. Ulti- mately, the
equivalent wind pressure is calculated from the ki-
netic energy equation of designed wind speed. In
other words, the variable wind speed affects the
gust coefficient, and the gust coefficient regulated
in the design standard is assigned to the wind
pressure to calculate the wind load. The gust co-
efficient is calculated through the interaction of
variable wind speeds and the structure, and there-
fore, the general gust coefficient provided in de-
sign standards cannot be the appropriate number.
Additionally, the complex analysis involving appli-
cation of gust effects is generally avoided for less
critical designs; however, to ensure a design is
safe in most diverse conditions, application of
complex gust effects is necessary. In this study,
wind pressure interpretation was performed based
on the results of fluid analysis of the actual max-
imum design wind speeds.

2.2 Wind Load Design Criteria

This study concerns the effects of wind loads
on large-scale structures, as defined by the wind
load design standards, “structure load standard”
and “structure standard,” from KBC 2005“? and
ASCE 7-05"®. The dominant factors related to
wind loads are the geographical location, shape of
the structure, and surface conditions; to consider
these factors, various values of surface roughness,
high distribution coefficients, and additional wind
speed coefficients must be calculated.

Various values of surface roughness are a pa-
rameter showing the change in wind speed per
geographic illumination and are classified into four
stages. A Class is assigned to areas in the center
of big cities with tall buildings exceeding 10
floors, B Class is for areas concentrated with
houses 3.5m tall as well as middle-story build-
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ings, C Class ratings are reserved for areas con-
centrated with 1.5~10m tall
low-story buildings, and D Class terrain has al-
most no obstacles. D Class consists of obstacles
less than 1.5m tall; seaside or coastal plains,
grasslands, and airports are suitable examples of
D Class ratings. To calculate the wind pressure
based on the measured height, designed wind
speed distributions as follows.

obstacles and

Vz :VOKerztIW (l)
K, =0.96Z° 0

In Equations (1) and (2), Vo is the designed
wind speed for a random height, and it is the ba-
sic wind speed of all areas; K, is the largest dis-
tribution coefficient of wind speed; K. is the ad-
ditional wind speed coefficient; and I, is the im-
portance coefficient of the structure. The largest
distribution coefficient of the wind speed, the co-
efficient changing based on surface condition of
the installed location of the structure and height is
same as in Table 1, and calculated as Eq. (2).
Here, Zg is the gradient wind level height, and «
is the vertical distribution coefficient.

After determining the various values of terrain
roughness of the area in which the structure re-
sides, the design coefficients are determined, and
in the most unfavorable state, roughness is as-
signed a Class D rating. The gradient wind height
of the structure in this study was 250 m, the ver-
tical distribution coefficient, «, was 0.10, Z, was
5m, Z was 10m, and Zg was 250 m. The result-
ing maximum distribution coefficient was 1.0286.

The coefficient that considered tilt angle effects
was the additional wind speed coefficient. For the
structure’s surrounding environment, an additional
wind speed coefficient, Zx, was determined using
Table 3, and the importance coefficient, ly, was
determined by considering the structure’s function.
Using this process, the structure’s designed wind
speed was determined.
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Table 1 Coefficient for height above ground level

Height above Exposure
ground level
Z(m) A B c D
YA 0.58 0.81 1.0 1.13
Ip<Z=Zg 0222° | 04527 | 071 27 | 0.96 Z°

Table 2 Coefficient of vertical distribution

Height above Exposure
ground level
Z(m) A B € D
Zy 20 m 15 m 10 m 5m
Zg 500 m | 400 m | 300 m | 250 m
a 0.33 0.22 0.15 0.10

Table 3 Extra wind coefficient for slope

Severe slope Extra coefficient for wind(Zx)
fl‘;;&"(’;‘;j Incline Hill or mountain
(p¢= 0.05) (pa= 0.05)
0.05 1.05 111
01 1.09 1.21
0.2 1.18 141
=03 1.27 161

2.3 Randomly Distributed Design Wind
Loads Considering Gust Effects

Generally, wind characteristics show random
distributions, which are inherent in dynamic wind
effects consisting of average, and variance terms.
The gust coefficient is expressed as the rate of
dynamic effects for static effects for each member
of the structure. The large, lightweight structure
composed of sandwich-type panels used in the
current study, which is flexible structure sensitive
to wind loads, has large gust coefficient values. In
addition, the wind characteristics differ based on
the shape of a structure, and therefore, gust co-
efficients vary according to the sectional form.
Because this structure is flexible and sensitive to
wind characteristics, the gust coefficient based on
various terrain roughness values cannot be applied
as it is; it must be modified.

The wind pressure shows the amount of Kinetic
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energy acting on the surface per unit area, and
the designed speed pressure, ¢, of the wind speed
change is expressed in Eq. (3). Here, p is the air
density, which depends on temperature, pressure,
and humidity. However,
phoons mainly occur in summer and do not have
a profound effect at other times. Therefore, as-
suming a constant value of 0.125 kgf-s/m* is rea-
sonable, and then the designed speed pressure, Q,
can be calculated using Eg. (3).

On the other hand, wind pressure is applied per
unit area of the structure. The designed wind
pressure, p, can be expressed using the wind pow-
er, Cs, gust coefficient, G;, and the designed speed
pressure, @, as shown in Eqg.(4). The gust co-
efficient, G;, which represents the dynamic re-
sponse of the structure, can generally be presented
in terms of values of surface
roughness. Using this process, the designed wind
pressure, p, was calculated. The designed wind
pressure of large structures must satisfy the regu-
lation stating that such structures must be able to
withstand wind pressure loads of at least 50 kgf/m®.
This regulation can be found
“Regulations of structural standard of a buil-
ding.”™ The design wind load is expressed as a
wind pressure area multiplied by design wind
pressure, as shown in Eq. (5). Wind pressure area
is the effective cross-sectional area in which the
wind load is applied, and thus, the load is applied
to the wind pressure area vertically.

strong winds from ty-

the various

in Term 1 of

Q== pv; 3
=5, ©)
p:Cfoqz (4)
p=pA )

To actually apply the randomly distributed wind
load, physical quantity shown structural dynamic
behavior occurred by the turbulence of the wind
is required. This can be defined using a statisti-
cally determined coefficient, which describes the

Table 4 The gust effect factor for the roughness

Roughness for A B c D
exposure
Gust effect
factor(Gy) 25 2.2 1.9 1.8

maximum displacement in a set of averaged
values. In addition, the gust coefficient depends
not only on a structure’s sectional form, but also
on the unique frequency changes relative to stiff-
ness and mass of the structure. This coefficient is
also influenced by the unique frequency mode,
and therefore, for final structure designs, wind
analysis must be performed using numerical meth-
ods, such as physical experiments or computational
fluid dynamics(CFD). From this result, the effects
of gust-imposed loads are found.

For the structure and surrounding air, the flow
field analysis results using CFD are as follows.
To consider gust effects, and to express the
Reynolds stress using viscosity, a concept pro-
vided by Boussinesq, the turbulence model was
imposed into the flow field analysis process. As
shown in Egs. (6) and (7), a k- model was used
for the turbulence model. Additionally, k and ¢
were converted in the base of the turbulence
strength of the flow field. Although its applica-
tions are limited, the k- model is the main mod-
el used to describe turbulence effects.
the model is economic with respect to arithmetic
superior in numeric safety, and predicts
generally excellent results, and therefore, it was as
a used method in the engineered turbulence flow
field.

In addition,

costs,

L+ (o0 k)—i(“—a—k)+G+G pe
(6)
Lipe) s 5 ()
m Os 3 5_2
8& G (6 H1-CIR)Cup
)
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3. FSI Analysis for the Large Sandwich
Panel Structure

3.1 Flow Field Analysis of Large Sandwich
Panel Structure

Based on the calculated design wind load from
the above process, flow field analysis was per-
formed for the large sandwich panel structure. The
iso-grid sandwich panel structure shown in Fig. 1
is the subject of the analysis.

For the design wind loading conditions, flow
analysis of the same load on the front and side
faces was performed. The results of the analysis
for the pressure and velocity distributions in the
front-loaded wind case for a large liquid storage
tank are shown in Figs.2 and 3. In addition, the
velocity and pressure distributions for the maximal
side-loaded wind condition are shown in Figs. 4
and 5. The maximum pressure of the wind load
in the normal direction equal to 3921 Pa was oc-
curred on the side of the holding tank. The max-
imum wind speed for the same scenario was

Fig. 1 Iso-grid sandwich panel structure
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Fig. 2 Pressure distribution in large sandwich panel
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Fig. 3 Flow velocity field in large sandwich panel
structure for maximum front wind load
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Fig. 4 Pressure distribution in large sandwich panel
structure for maximum side wind load
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Fig. 5 Flow velocity field in large sandwich panel
structure for maximum side wind load
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101.3 m/s. On the other hand, the maximum pres-
sure in the side-loaded design case occurred on
the side of the liquid tank, similar to the normal
direction. The maximum pressure was 6018 Pa,
and the maximum wind speed was 107.7 m/s.

3.2 Fluid—structure Interaction Analysis

of the Large Liquid Storage Tank

Using the flow field analysis results, the finite
element model given in Fig.6 was created for
structural safety analysis of the large liquid stor-
age tank. Fluid-structure ductility analysis was
then performed. For the finite element model,
shell elements were used for the relatively thin
frames. For the grid stiffener, equivalent shell-type
elements were used. For the delicate stay-bolt
component, which incurred concentrate stress lev-
els, solid elements were used.

Using mapping pressure distribution and dis-
placement in the normal direction of the large lig-
uid storage tank, ductile analysis was performed
to calculate the displacement and stress distri-
butions. The results for these simulations are
shown in Figs.7 and 8. The maximum stress oc-
curred in the stay-bolt of the storage tank struc-
ture; its von Mises stress level was approximately
50 MPa.

Thus, because the yield stress of the stay-bolt
material is 215 MPa, the maximum stress did not
cause any plastic deformation. Furthermore, be-
cause the stay-bolt was not loaded beyond its
elastic limit, the design is sufficiently safe, from a
structural integrity point of view.

As a result of the fluid-structure ductility analy-
sis in the side-loaded direction, it was determined
that the part incurring maximum stress was a
component in the frame connecting the liquid
storage tank to the supports, as shown in Figs. 9
and 10. The von Mises stresses in the connection
component of the frame were 128 MPa; thus, giv-
en that the yield stress of the material is 230
MPa, the structure is safe in side-loaded design

cases. The highest stress level in any direction
was greater than the stress in the normal direc-
tion; however, even in the side-loaded scenario
(direction of maximum stress), the structural stiff-
ness was sufficient and the resulting design was
determined to be safe.

Right View

150 View

Leftview Top View

Fig. 6 Finite element model for large sandwich panel
structure

Fig. 7 Displacement distribution in large sandwich
panel structure for front wind load

180 View

§, Mises
Waltle seton p
(hvgt 75%)

Fig. 8 Von Mises stress distribution in large sand-
wich panel structure for front wind load
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180 View
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40.000e400

Fig. 9 Displacement distribution in large sandwich
panel structure for side wind load

40,000 400

Fig. 10 Von Mises stress distribution in large sand-
wich panel structure for side wind load

Table 5 Analysis result for the front wind load

FSI analysis result

Max pressure[Pa] 3921
Max wind speed[m/sec] 101.3
Max von Mises stress[MPa] 50

Max stress region Stay bolt part

Max displacement[mm] 10.4

Safety factor 33

Table 6 Analysis result for the side wind load

FSI analysis result

Max pressure[Pa] 6018

Max wind speed[m/sec] 107.7

Max von Mises stress[MPa] 128
Max stress region Frame part

Max displacement[mm] 11.8

Safety factor 0.8
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As discussed, the FSI analysis results are pre-
sented in Table5 and Table 6. This structure is
relatively vulnerable to winds acting from the
side; however, it has a positive safety factor
found from the stress analysis results. In addition,
the regions incurring maximum stresses are re-
inforced structural members. Thus, the structure is
sufficiently designed, with respect to large, light-
weight structural standards.

4. Conclusion

In this study, structural safety analysis for large,
flexible structures having grid-reinforced panels was
performed using fluid-structure ductility analysis.
The procedure for calculating the design’s wind
loads was based on KBC 2005" and ASCE
7-05"®. For the dominant factors of wind load,
geographical location, and structural shape, various
surface conditions were considered. Relative to the
various conditions of terrain roughness, high dis-
tribution coefficients and additional wind speed co-
efficients were calculated. To more accurately de-
scribe the physical phenomena related to actual
wind loads imposed on structures, randomly dis-
tributed wind loads, which are irregular wind com-
ponents that are affected by gusts, were considered.
Based on the variable wind model, analytical flow
fields were been produced and applied with a pres-
sure—displacement mapping method to calculate the
stress distribution in the structural analysis area,
and structural safety analysis for an actual large,
flexible structure using grid-reinforcement panel
sandwiched structural members. Using the analysis
method proposed in this study, for similar large
and flexible structures, improved estimation of the
structural safety considering randomly distributed
wind loads affected by gusts is possible.
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