=
Journal of

Marine Science and Technology

E
5
S

Volume 19 | Issue 2 Article 6

DEFORMATION OF ROLLING SHUTTERS UNDER UNIFORM WIND
PRESSURE

Nan-Nong Huang
Department of Mechanical and Mechatronic Engineering, National Taiwan Ocean University, Keelung, Taiwan, R.O.C.,
b0120@mail.ntou.edu.tw

San-Ming Chang
Department of Mechanical and Mechatronic Engineering, National Taiwan Ocean University, Keelung, Taiwan, R.O.C.

Follow this and additional works at: https://jmstt.ntou.edu.tw/journal

b Part of the Mechanical Engineering Commons

Recommended Citation

Huang, Nan-Nong and Chang, San-Ming (2011) "DEFORMATION OF ROLLING SHUTTERS UNDER UNIFORM WIND
PRESSURE," Journal of Marine Science and Technology: Vol. 19: Iss. 2, Article 6.

DOI: 10.51400/2709-6998.2149

Available at: https://jmstt.ntou.edu.tw/journal/vol19/iss2/6

This Research Article is brought to you for free and open access by Journal of Marine Science and Technology. It has been
accepted for inclusion in Journal of Marine Science and Technology by an authorized editor of Journal of Marine Science and
Technology.


https://jmstt.ntou.edu.tw/journal/
https://jmstt.ntou.edu.tw/journal/
https://jmstt.ntou.edu.tw/journal/vol19
https://jmstt.ntou.edu.tw/journal/vol19/iss2
https://jmstt.ntou.edu.tw/journal/vol19/iss2/6
https://jmstt.ntou.edu.tw/journal?utm_source=jmstt.ntou.edu.tw%2Fjournal%2Fvol19%2Fiss2%2F6&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/293?utm_source=jmstt.ntou.edu.tw%2Fjournal%2Fvol19%2Fiss2%2F6&utm_medium=PDF&utm_campaign=PDFCoverPages
https://jmstt.ntou.edu.tw/journal/vol19/iss2/6?utm_source=jmstt.ntou.edu.tw%2Fjournal%2Fvol19%2Fiss2%2F6&utm_medium=PDF&utm_campaign=PDFCoverPages

148

Journal of Marine Science and Technology, Vol. 19, No. 2, pp. 148-153 (2011)

DEFORMATION OF ROLLING SHUTTERS
UNDER UNIFORM WIND PRESSURE

Nan-Nong Huang* and San-Ming Chang*

Key words: rolling shutter, wind pressure, deflection, closed-form
solution.

ABSTRACT

In this study, a model is developed to analyze the structural
behaviors of rolling shutters subjected to wind pressure. In the
current shutter theory, the elastic properties of shutters are
characterized by two bending rigidities, which can be deter-
mined from the flexural tests of slats and shutters. Close form
solutions can be obtained for the deflection of shutters with
two opposite simply supported edges. To assess the validity of
the present theory, rolling shutters with various sizes and
supporting conditions under various magnitudes of loadings
are tested. It is noted that the deflections and axial displace-
ments based on the current theory agree very well with ex-
perimental results.

I. INTRODUCTION

A rolling shutter consists of a series of slats that form a
curtain with both sides of slats being inserted into guide rails.
The shutter curtain can be rolled onto an axle. The shutter
curtain and guide rails of a rolling shutter are schematically
shown in Fig. 1. The cross section and the joint of a particular
type of slats are depicted in Fig. 2. Shutters can provide se-
curity protection and privacy, save energy, and even serve as
sound barriers. Exterior rolling shutters with various sizes
have been widely used in structural applications since 1900s.
Made of materials of the time, mainly wood and steel, they
were heavy and cumbersome. Recently, light-weighted slats
made of aluminum and/or plastics have become popular,
which have been streamlined to be more aesthetically pleasing,
more functional, and easier to install.

Despite the increase in the use of shutters, especially the
light-weighted shutters, rigorous structural analyses for shut-
ters attract little attentions. The major concern for the struc-
tural integrity of shutters is wind load, especially in the areas
afflicted with tropical cyclones. Strong winds may rip an
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Fig. 1. Schematic diagram of slats and guide rails for a rolling shutter.

Fig. 2. Cross section and the joint of slats.

entire shutter off the guide rails or cause an excessive deflec-
tion to damage the interior windows or doors. Most analyses
focus on the deflection of slats based on the beam theory. For
example, Chen [3] conducted a large deflection analysis on the
aluminum slats. However, results from the analysis of a single
slat can not be applied to shutters.

The complex shapes of slats and the various types of joints
make it difficult to conduct a comprehensive analysis on the
structural behaviors of shutters. In 2001, Ach and Alart [1]
treated shutters as multi-jointed structures with imperfect
joints between slats. The slat is simplified as a flat plate which
is inserted into an idealized channel shape slide, as shown in
Fig. 3. Both clearance and rotative friction were taken into
consideration. A hybrid finite element formulation was de-
veloped. The contact conditions and friction law result in a
very complex algorithm. In their work, the authors did not
provide any verification example (either from published re-
sults or from experimental works) to assess the accuracy of
their numerical results.

In the current work, a modified model from the classical
plate theory is developed to examine the structural responses
of shutters subject to wind pressure. In this model, only two
effective stiffnesses (namely, bending rigidities) are required
to characterize the elastic properties of any kind of shutters
regardless of the shapes of slats and the variety of joints.
These two bending rigidities, which can be obtained easily
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clearance
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Fig.3. The slats and the joint of shutters studied by Ach and Alart [1].

from the flexural tests of slats and shutter curtains, presumably
can account for the effects of clearance and friction of the
joints. Close form solutions based on Levy’s method can be
obtained for the shutters with two opposite simply supported
edges. Deformation tests are conducted for the shutters with
various dimensions and different types of supports under
various magnitudes of loading. The deflections and axial
displacements are measured. Results based on the current
model agree very well with the experimental results.

II. THEORY

The coordinate system for the shutter analysis is shown in
Fig. 1. Coordinate x is in the longitudinal direction of the slat,
y is in the rolling direction, and z is in the transverse direction
of the shutter. The length of the shutter in the x and y direc-
tions are a and b, respectively. A modified theory based on the
classical plate theory is introduced hereafter.

The joints of slats, as indicated in Fig. 2, serve as flexible
linkages so that slats are able to revolve around the reel of
shutter. In this respect, a shutter is free to stretch and roll up in
the y direction and provides no in-plane shear rigidity. There-
fore, stress resultants N,, N, N,,, and M, are assumed to be
negligible. The nonzero stress resultants are depicted on an
infinitesimal shutter element as shown in Fig. 4.

For the case of small displacement gradient problems, the
in-plane responses are decoupled from the out-of-plane re-
sponses. Hereafter, only out-of-plane behaviors of shutters are
concerned. The moments are related to curvatures and bend-
ing rigidities by [6]

M., =Dx, M =Dk, M, =Dk, (1)

Xy Xy e »xThxy

Following the Kirchhoff constraint, the curvatures are re-
lated to the deflection by

=W K =W, K, ' 2

Consider a differential shutter element subject to trans-
versely distributed loading p(x, y) as shown in Fig. 5. The
stress resultants acting on the element are also indicated in the
figure. The moment equilibrium conditions in the x and y
directions are

V4
Qy //‘\‘ M,
I Qx MXY /
. (e N.ﬁ——@ o
r% d N
/ Xy /Qx |

z y *
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Fig. 4. Resultant forces on an infinitesimal shutter element.
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Fig. 5. Forces exerting on a differential shutter element.

Qy =M Qx = Mx,x + Myx,y (3)

e

Equating the forces in the z direction yields
0..+0,,+p=0 “

Substituting Egs. (1)-(3) into the above equation gives

Dw_ .+ 2(ny + Dvx)wmy =p %)

SXXXX J B

Upon introducing the following non-dimensionalized pa-
rameters

w=2, x=2 y=2
a a b
- 2(D_,+D,) _ pa3 a
d=""w 7wl 5 P4 54 6
) p D, 5 (6

force equilibrium Eq. (5) can be rewritten as

W,XXXX + A’ZJVV,XXYY =p @)

III. LEVY SOLUTION AND AXIAL
DISPLACEMENT

The shutter curtain is assumed to be simply supported by
guide rails. For shutters with two opposite simply supported
edges, the close form solutions to Eq. (7) are available. Con-
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sider edges x = 0 and a (X = 0, 1) are simply supported. Fol-
lowing the Levy approach [6], the deflection and loading are
represented by the Fourier sine series:

[ (X, 7), (X, V)] = Y sinGz X)[W,(V), ()] (8)

It is noted that the assumed deflection satisfies the follow-
ing simply supported conditions on edges X =0, 1:

W(O0,Y)=W(1,Y)=M(0,Y)=M (1,Y)=0 )

The wind pressure distribution on a wall, which is at right
angle to the wind direction, was reported by Dalgliesh and
Schriever [4]. The maximum wind pressure (i.e., stagnation
pressure) develops near the center of the wall. The pressure
contours reveal that there is an increasingly steep pressure
gradient towards the edges of the wall [4]. For the purpose of
shutter design, the wind pressure is assumed to be uniform
over the entire shutter curtain. The Fourier coefficients for
uniform loading, p(X,Y)=gq , are

47 /Gr) (i=1,3,5,..))

0  (i=246,..) (10)

1_?,~(Y)={

By substituting Eqgs. (8) and (10) into Eq. (7), the partial
differential equation is reduced to the following set of ordinary
differential equations:

W =B W, ==/, (11)
in which
gl o B 12
Ad (i) A°d
The general solution to Eq. (11) is
W.(Y)=c, cosh(BY)+c, sinh(BY)+ f./ B’ (13)

where c|; and ¢,; are arbitrary constants.

In addition to the knowledge of deflection, the calculation
of axial displacements of slats is also very important for the
design of shutters. A slat with an excessive axial displacement
could rip off guide rails. For an inextensible slat, the axial
displacement can be determined from the length of the de-
flection curve between supports. Consider the deflection
curve of a shutter in the x direction (i.e., the longitudinal di-
rection of slats) as shown in Fig. 6. Let s be the coordinate
along the deflection curve. The length of the deflection curve
between supports is

z ds
S dw deformed config.
w
X dx original config.

a

Fig. 6. Deflection curve and axial displacement (A =/ — a) of a shutter.

CORIN %dxzjo“ L+ (w,)” d (14)

Introducing L = I/a yields the non-dimensionalized expression
for the above equation:

Ln)=[ i+, ax (15)

The axial displacement for the slat can then be determined as

A(y):l—a:aUOl 1+ (W ) dX—l} (16)

The Simpson rule is employed in this study to evaluate the
above integral.

The particular solutions corresponding to two boundary
value problems are presented hereafter. First, consider a shut-
ter with all edges simply supported (designated as SSSS). The
second problem corresponds to a shutter having three simply-
supported edges and one free edge (designated as SSSF).

1. SSSS Shutters
The coordinates for an SSSS shutter are shown in Fig. 7(a).
The simply supported condition along edges Y = £1/2 is
W(X, £1/2) = 0, which leads to
W.(£1/2)=0 17)
Coefficients c¢j; and ¢p; in Eq. (13) can be determined from

the above condition and by considering the symmetry of the
structural responses with respect to X axis:

/i

—_ e, 18
g B cosh(B,/2) o (15

Therefore, the deflection solution of the SSSS shutter is

=N L Cosh(BY)
W(X,Y)—i:g;w izsm(lﬂx){l cosh(ﬁ[/Z)} 1
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Fig.7. Coordinates for (a) SSSS shutter and (b) SSSF shutter.

2. SSSF Shutters

The coordinates for an SSSF shutter are shown in Fig. 7(b).
The simply supported condition along edge Y =1 1is W(X, 1) =
0, which leads to

W,(1)=0 (20)

Along the free edge Y = 0, the boundary condition is O, +

M, = 0 [5]. By introducing moment equilibrium condition
Eq. (3), the boundary condition becomes
M, +M, =0 21

Substituting moment-curvature relations Eq. (1) into the
above equation yields ,, , = 0, which subsequently results in
W xyy(X, 0) = 0. Therefore, the boundary condition along ¥ =
0is

w!(0)=0 (22)
Undetermined coefficients cy; and ¢,; in Eq. (13) can be ob-

tained by satisfying both boundary conditions Egs. (20) and
(22):

G = _2#3 ¢ =0 (23)
A7 cosh(f,)

Then the deflection solution of an SSSF shutter is

WX, V)= ) %sin(in)(){l

i=1,3,5,... Fi

_ cosh(BY) (24)
cosh(5,)

IV. EXPERIMENTS AND RESULTS

In the current theory, two bending rigidities D, and d are
required for the shutter analysis. First, rigidity D, is deter-
mined from the cylindrical bending test of slats. For the slat
considered in this study, a value of 137.2 Kg-m is adopted for
Dy [3]. Then, the value of d can be determined from the
bending test of a shutter assembly.

slats

=

\ support

Fig. 8. Schematic diagram of the setup for shutter tests.

Fig. 9. Deformation test of a shutter assembly loaded by uniformly dis-
tributed sand bags.

To examine the validity of the current model, a series of
tests on the rolling shutters with various sizes and supporting
conditions are conducted. The SSSS shutters with following
dimensions (a, b) are tested: (1.68 m, 1.14 m), (1.68 m, 1.52
m), (1.68 m, 1.90 m), (2.03 m, 1.14 m), and (2.03 m, 1.52 m).
Meanwhile, the SSSF shutters with dimensions (¢ = 1.68 m,
b=1.14m) and (a = 1.68 m, b = 1.52 m) are also tested.

The setup of the shutter test is schematically shown in Fig.
8. The uniform loading is applied by using zip plastic bags
filled with sand, which is illustrated in Fig. 9. The details of
test procedures were described in Chang [2]. The shutters are
subjected to various magnitudes of loadings. For most shut-
ters tested, the maximum pressure is up to 200 Kg/m?, which is
approximately equivalent to Force 16 in the Beaufort wind
force scale. The maximum number of the Beaufort scale is
Force 17.

The deflections and axial displacements are measured using
a dial gauge and a caliper, respectively. The test results for
maximum deflection and axial displacement are plotted
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Fig. 10. Comparison between the theoretical and experimental results of
the central deflections and maximum axial displacements for the
SSSS shutters with width « = 1.68 m and various heights (b =
1.14 m, 1.52 m, 1.90 m).
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Fig. 11. Comparison between the theoretical and experimental results of
the central deflections and maximum axial displacements for the
SSSS shutters with width @ = 2.03 m and various heights (b =
1.14 m, 1.52 m).

against loadings in Figs. 10-12. Analytical results based on
the current model are also included in the figures for com-
parison. Fig. 10 shows the responses of SSSS shutters with
a=1.68mandb=1.14m, 1.52 m, and 1.90 m. The responses
of SSSS shutters with @ =2.03 m and » = 1.14 m, 1.52 m are

" ((SSSF Shutters witha = 1.68 m |

160 32

- deflection (theory) 1
- |—— - axial disp. (theory) b=152m T =
L @ deflection (exp.) 4 g
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2 L 1 A
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Fig. 12. Comparison between the theoretical and experimental results of
the maximum deflections and maximum axial displacements for
the SSSF shutters with width « = 1.68 m and various heights (b =
1.14 m, 1.52 m).

given in Fig. 11. The responses of SSSF shutters with a = 1.68
mand b =1.14 m, 1.52 m are shown in Fig. 12. For the SSSS
shutters, the maximum deflection occurs at the center of cur-
tain (i.e., central deflection) and the central slat possesses the
maximum axial displacement. For the SSSF shutters, the
maximum deflection is produced at the center of the free edge
and the slat along the free edge has the maximum axial dis-
placement.

The experimental data for the central deflection of an SSSS
shutter with @ = 1.68 m and » = 1.52 m is employed to de-
termine the value of bending rigidity d . The shutter assem-
bly consists of 48 slats. The central deflection and maximum
axial movement are shown in Fig. 10. It is noted that the
deflection behavior is almost linear for a loading up to 500 Kg
(196 Kg/m® in pressure). The deflections and axial displace-
ments calculated from the Levy solutions with d = 0.486 fit
the test data very well. The effective stiffnesses D, = 137.2
Kg-m and d = 0.486 are taken to be the elastic constants for
shutters consisting of this particular type of slats. All the
calculated results of shutters with various sizes and different
types of supports are based on these two effective stiffnesses.

The convergence rate of the close form solutions is very
fast. For example, consider an SSSS shutter with @ = 1.68 m
and b= 1.52 m under a pressure of 156.6 Kg/m’. The numerical
data of the central deflections and maximum axial displace-
ments of the shutter, corresponding to various numbers of terms
used in the series solution, are listed in Table 1. It is noted that
even one-term solution produces near-converged results for
both the deflection and axial displacement. The results pre-
sented in this paper are based on the 6-term series solutions.
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Table 1. Convergence rate of the Levy solution (SSSS
shutter with ¢ = 1.68 m and » = 1.52 m, under

pressure 156.6 Kg/m?).
Disp’ | central deflection (mm) | axial disp’ (mm)
# of terms w(a/2, b/2) Ay =0)
l-term (i = 1) 88.496 11.444
2-term (i =1, 3) 88.008 11.446
3-term (i=1, 3, 5) 88.046 11.446
4-term ((i=1,3,5,7) 88.039 11.446
Sterm (i=1,3,...,9) 88.041 11.446
6-term (i=1,3, ..., 11) 88.040 11.446
T-term (i=1,3, ..., 13) 88.040 11.446

A close examination of the results presented in Figs. 10-12
reveals that the theoretical results of deflections agree very
well with the experimental data for all the shutters considered.
A noticeable discrepancy in axial displacement exists in some
shutters when the loading is small. However, the discrepancy
between the theoretical values and test data diminishes as
loading is increased. For the cases of small loadings, the axial
displacement is trivial with a value of only a few millimeters,
which makes it difficult to get an accurate measurement by
using a caliper. Also, the difference may be partly due to the
existence of friction between slats and guide rails, which could
have a significant effect on the displacements in case of a
small loading. Overall, the discrepancy in both deflections
and axial displacements for all the shutters tested is less than
4% when pressure is higher than 100 Kg/m’.

V. CONCLUDING REMARKS

A model coupled with two bending rigidities is developed
to predict the structural behaviors of shutters under wind
pressure. The current theory, without the necessity of con-
sidering the details of the shapes of slats and the clearance of
joints, can be viewed as a simplified model of the classical
plate theory. The two effective stiffnesses can be determined
from the bending tests of the slat and shutter. Close form
solutions based on the current theory can be obtained for the
shutters with two opposite simply supported edges. Deflec-
tions and axial displacements are calculated for the shutters
with four simply supported edges and for the shutters with
three simply supported edges and one free edge.

To evaluate the limitations and accuracy of the current
theory, bending tests are performed for the shutters with
various dimensions and supporting conditions. The plastic
sand bags are distributively stacked on the shutter to simulate
the application of uniform wind pressure. The shutters are
subjected to various magnitudes of pressure, with maximum
pressure up to 200 Kg/m2 for most of the tests. Comparisons
between theoretical predictions and experimental results are

153

made. It is noted that the discrepancy is small for both the
deflection and axial displacement. For all the cases considered,
the difference between theoretical and experimental results is
less than 4% when loading pressure is higher than 100 Kg/m®.

The light-weighted shutters are widely used in houses,
shops and factories. However, due to the complexity of the
shapes and the joints of slats, a simple but practical shutter
theory has not been reported before. Most designs of shutters
are based on past experience, which poses a great threat to
public safety, especially in typhoon-afflicted areas like Taiwan.
The present theory with its simplicity and accuracy can be
adopted to make shutter design much easier and safer.

NOMENCLATURE
a,b lengths of shutter
Ci, Coj coefficients in the solution to the differential Eq.
D,, D,, bending rigidities
D, d bending rigidities
fi parameter appearing in the differential Eq. (11)
1), L(Y) length of the deflection curve
M., M, moments
M., M, moments
Ny, N, in-plane forces
Ny, Ny in-plane forces
p, P-q pressure
p.(Y) Fourier coefficients for p(X,Y)
0., O, shear forces
s coordinate along the deflection curve
w, W deflection
Wi(Y) Fourier coefficients for W(X,Y)
X,V Z coordinates
XY non-dimensionalized coordinates
B parameter appearing in the differential Eq. (11)
A®y) axial displacement of the slat
Ky Kyy Ky curvatures
A geometric aspect ratio (a/b)
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