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Abstract

The paper is regarding to the structural dynamics of a saddle shaped cable-net structure with two high points
and two low points at the corners. The net cables are pre-stressed by stretching the four edge cables that are
supported at the corner points. A series of parametric nonlinear dynamic analysis is utilized to evaluate the
dynamic response of the system under the different structural masses and geometries, pretensions and
alignments of cables and the amplitudes of dynamic excitation. An equivalent single-degree-of-freedom
model is presented as a simplified method to estimate the dynamic response of the full finite element model.
The simulation results show that the equivalent model can accurately estimate the displacement response of
multi-degree-of-freedom model under dynamic excitation. Furthermore, a nonlinear active control algorithm
is applied to decrease the structural response under the transient wind excitation and the results indicate the
effectiveness of the proposed control algorithm.
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1 INTRODUCTION

During the last decades, cable nets have been widely applied in structural systems due to their desired features of
high tensile strength, lightweight, and appealing architectural shapes, which can be utilized to cover large spans and in
glass facades. The cable nets often experience large deformations during the transfer of loads to the supports.
The inherent characteristics of such structures are geometric nonlinearity, which makes the stiffness of the system
interact its distorted state, which is mainly in contrast with the conventional ones (Levy and Spillers, 2003). Several
techniques have been introduced for tackling geometric nonlinearity problems based on Newton’s methods, including
the ones described in (Papadrakakis and Gantes, 1988; Papadrakakis and Balopoulos, 1991; Waziri et al., 2010). Since
cable nets are a kind of flexible structures, which possess characteristics such as low stiffness and weight, weak damping
ratio and low and closely spaced resonant frequencies (Haiyan et al., 2013), they are susceptible to dynamic loadings,
such as wind, that may make them to have considerable levels of vibration. Therefore, one of the most important issues
in designing of such structures is the recognition of their dynamic behavior. On the other hand, the effects of geometric
nonlinearity and large deformations in cable nets increase the complexity of their dynamic response calculation.

Pre-stressed cable-net roofs are capable to produce various shapes. The most common shape is the hyperbolic
paraboloid. Stefanou (1992) presented an approach for dynamic analysis of cable nets subjected to wind excitation.
The proposed approach, which is established by minimizing the total potential energy, is based on a systematic response
calculation in the time domain of the dynamic forces at the end of each time step. Kwan (2000) derived a geometrical
nonlinear stiffness matrix for a three-dimensional pre-stressed cable element based on the flexibility method. He also
presented a simple technique for determining the natural frequencies of the cable structures, neglecting the nonlinear
stiffness terms. Gambhir and Batchelor (1977, 1979) presented a finite element model to study the dynamic behavior of
the three-dimensional cable nets in which, the stiffness and consistent mass matrices of the pre-stressed cable elements
were derived using the principle of virtual work in its deformed form. Talvik (2001) suggested a mathematical model for
static and dynamic analysis of pre-stressed cable nets with the flexible contour ring. Lazzari et al. (2001) investigated the
nonlinear dynamical behavior of an actual saddle-form cable net subjected to wind excitation, by means of a finite
element approach. They showed that the increase in deformation causes changes in the stiffness and the resonance
frequency. Therefore, this phenomenon prevents the continuous increase of the vibration amplitude, which occurs for
linear systems. Zingoni (1996) introduced a computational scheme for vibration analysis of flat cable nets comprising of
highly tensioned cables and having orthogonal projections in the plan. It was assumed that the cable nets are under the
inertial forces centered on the intersection of the cables. Vassilopoulou and Gantes (2005, 2010, 2011, 2012, 2013, 2016)
conducted a research on the dynamic behavior of saddle form cable nets, having a circular plan view. They explored the
nonlinear dynamic phenomena in a single-degree-of-freedom (SDOF) model of cable net, and also proposed semi-empirical
formulae to estimate the frequencies of the first vibration modes of the multi-degree-of-freedom (MDOF) cable net with
rigid and flexible edge rings.

The form finding, which generally used to find the optimal form of membrane structures, is conducted in a finite
element method and takes into account the pre-stress of each element and its slight stiffness. Such behavior is in
accordance with soap films (Haug and Powell, 1972). Bletzinger and Ramm (2001) examined three different
computational methods of form finding of lightweight structures, including (a) simulation of hanging models,
(b) numerical simulation of soap films, and (c) structural shape optimization. Haug and Powell (1972) performed a finite
element procedure for the form finding of cable nets and presented results for three different types of cable nets.
The initial geometry of the cable net was obtained from sketches. By changing the pre-stress and/or changing the
unstressed length of the members, it would be possible to adjust the shape of a favorite configuration. Nonlinear
structure analysis using Newton-Raphson iteration was used for obtaining a new equilibrium shape following each set of
adjustments. Birnstiel (1972) described some mathematical techniques for determining the initial shape of cable
structures and calculating their displacement due to static loads, taking into account the geometric nonlinearity. Atai and
Mioduchowski (1998) derived equilibrium equations of cable nets with elasto-plastic behavior, considering the history of
loading and slackening of cables.

Monolayer cable net system supporting glass facades is a flat cable net that is physically sensitive to wind
excitations. Shi et al. (2007) showed that the geometric shape and pretension have a significant effect on the stiffness of
such structures. However, with increasing the vertical displacement of the central node of the cable net, the influence of
geometric shape is far greater than that of pretension. Wu et al. (2010) examined the wind-induced response of
Monolayer cable nets in frequency-domain method. Feng et al. (2013) determined the nonlinear vibration differential
equation and vibration frequency of cable net glazing subjected to earthquake loading and established a geometrically
nonlinear SDOF model for cable net glazing.
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One of the most important issues in designing of cable nets is optimization, which addresses two issues of safe and
economic design at the same time. The optimization of the cable nets can be done through control systems. Bleicher et al.
(2011) proposed an active vibration control system for a light and flexible stress ribbon footbridge using pneumatic
muscle actuators. Wu et al. (2016) studied the nonlinear active vibration control of cable net structures, using
piezoelectric stacked actuators. They demonstrated that nonlinear control method enhanced the performance of the
system by decreasing the vibration to a lower amplitude within a shorter time.

In this paper, with a parametric investigation of the dynamic behavior of saddle shaped cable-net structures, a
simplified method is proposed which reduces the expensive cost of geometrical nonlinear dynamic analysis of such
complex structures. By this means, the influence of each parameter such as the mass and geometric of structure, pre-stress
and alignment of cables, amplitude of oscillation on the main factors of the dynamic behavior of the structure is clarified.
Then, by introducing an equivalent SDOF system representing the main structure, the effectivity of the particle swarm
optimization (PSO) algorithm as an active control method is proven that provides one further step to apply nonlinear
active control systems on such structures.

2 The definition of the structural model

In order to simplify and cover a wide range of dynamic behaviors and parameters affecting them such as: geometric,
structural mass, pre-stress and alignment of cables and amplitude of oscillation; a simplified saddle shaped cable-net
model with two high points and two low points at the corners and a square plan view with dimensions of 5m X 5 m,
which consists of two types of the edge cables and the cable net is used for the parametric study. The net cables are pre-stressed
by stretching four edge cables that are supported at corner points (Figure 1). The PE7 cable with the cross-sectional
area of 60 mm? and the PE15 cable with the cross-sectional area of 117 mm? according to the Germany DIN EN
12385-Stainless Steel (ETA, 2015) are considered for the edge cables and net cables, respectively. The elastic modulus
of cables is 130 GPa.

L=5V2m

Figure 1 Saddle shaped cable-net structure with two high points and two low points at the corners.

The geometric shape of the selected model is determined by using form-finding analysis, which is influenced by
factors such as the coordinates of fixed points and the ratio of the edge cable pretension to the net cable pretension
(R =Toe/Ton). The rise (h) of the cable net is explained as the difference of height between the highest or lowest
supports and the center point.

A finite element model is developed for nonlinear dynamic analysis in MATLAB software. The three-dimensional co-
rotational truss is used to model the cable element, which is allowed to have arbitrarily large displacements and rotations
at the global level. All elements are assumed to remain linear elastic and without compression resistance. Newmark’s
direct integration method and Newton—Raphson’s method are employed to solve the nonlinear equation of motion.

As shown in Figure 2, the displacement and tension responses obtained from the finite element model are compared
with those generated by OpenSees (McKenna et al., 2000) to validate the numerical modelling. The compared model is
a saddle-shaped cable-net with ¢ (damping ratio)= 2%, M (total structural mass)= 233 kgand T,, (net cable
pretension)=1 kN, h =0.5m and R = 10 subjected to wind excitation (Zarfam et al., 2017) shown in Figure 3.
Comparing the responses proves that the numerical modelling can provide accurate results.
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Figure 2 Comparison of the responses of the cable net subjected to wind excitation calculated by the OpenSees software and finite
element method; (a) displacement response at the center point and (b) tension response of net cable.
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Figure 3 Time-history of the wind pressure (Zarfam et al., 2017).

3 Parametric investigation on the dynamic behavior of the cable net

In order to investigate the geometrical effects on the dynamic behavior of the cable net, five different rises and
three different pretension ratios are considered as h = {0,0.25,0.5,1 and 1.5m} and R = {10,20 and 30},
respectively. It covers a variety range of the rise/span ratiosas h/L = {from 0to 1.5/5\/5} that can be used in practical
situations. In addition, six pretension levels for net cables are considered as Ty ,, = {0.1,1,2,3,4 and 6 kN}.

The cable-net models without and with acrylic sheet, wooden and lightweight concrete covering panel are
considered for investigating the effect of mass on dynamic behavior. Table 1 represents the specifications of the covering
panels, according to Eurocode 1 (2002), and the total structural mass (M).

Table 1 The specifications of the covering panels and the total structural mass (M).

. Thickness Specific weight Total structural mass (M)
Panel material
m kN/m3 kg
None - - 61
Acrylic sheet 0.004 12.0 233
Wood 0.03 8.0 852
Lightweight concrete 0.05 12.0 2000

3.1 The study of the geometric, pretension and mass effects

The undamped free vibration is conducted with initial vertical displacement u(0) = 0.3 m in center point of the
cable net. The comparison between the dominant frequency of undamped cable net models with different parameters
is shown in Figure 4. Since cable structures have geometrically nonlinear behavior, the dominant frequency is determined
by transforming the displacement response of the central node of the cable net from time domain to frequency domain,
using Fast Fourier Transform (FFT).

Latin American Journal of Solids and Structures, 2020, 17(3), e267 4/14



M=233 kg
h=0.5m
R=10

Nonlinear structural behavior and vibration control of a double curved cable net under the dynamic
excitations

Mohammad Khalkhaliha et al.

M=233 kg
Tﬂ:nzl kN
. h=1m

21 15 1
S S \lr‘ S
= 205 = 10 - —e
= 20 SHER

0 L) T 1

0 10 20 30

(@) (b) R

307 M=233 kg

Fr, (Hz)

0 T T T ] 0 T L) 1
0 500 1000 1500 2000 0 0.5 1 1.5
© M (kg) (d) h (m)

Figure 4 The dominant frequency of undamped cable net models vs. (a) the pretension of the net cable, (b) the ratio of the edge
cable pretension to the net cable pretension, (c) the total structural mass and (d) the rise of the cable net.

Figure 4(a) illustrates that the frequency of the system increases linearly by increasing pretension of the cables,
which indicates an increase in stiffness of the cable net. On the other hand, by increasing the cable pretension, higher-
grade cable should be used which leads to higher costs.

As shown in Figure 4(b), an increase in the pre-tension ratio (R) reduces the frequency, indicating a decrease in
system stiffness. Because, the more the pre-tension ratio increases, the more the pre-tension of the edge cables that act
as the spring support increases. By increasing the pretension ratio, the pretension of edge cables increases, so their
horizontal sag (d) reduces and the length of the net cables enlarges. These two geometrical effects in the form-finding
phase cause more flexibility in the system.

The chart of dominant frequency vs structural mass has shown in Figure 4(c). It indicates that the system frequency
is inversely proportional to the square root of the structural mass.

Figure 4(d) depicts that by increasing the rise, the dominant frequency of the system increases. Since by increasing
the rise, the vertical component of the internal resistance forces of the cables increases, consequently the vertical
stiffness of the cable net increases. On the other hand, when the alignment of the net cables is chosen according to
Figure 5(a), as shown in Figure 5(b), the rise does not significantly affect the frequency of the system. In curved cable
nets, the curvature of the net is diagonally in the direction of the same level supports. Since the direction of the cables
are not aligned to the curvature of the net, the cables lack curvature and the cable net acts like a flat net.

4 -
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i Tﬂznzlk:N
B 19 R=10
______ Q‘_'_“,“_"EL"_‘""B 0 T T ]
Deformed g 5
: c O [.‘_1._-@._.{:;:‘.]1!D 0 0.5 1 1.5
(a) Deformed (b) h (m)

Figure 5 Cable net with alignment of incorrect cables, (a) configuration and (b) dominant frequency vs. rise.
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3.2 The study of the oscillation amplitude effects

The comparison between the time-history diagrams of the central node displacement of cable net models with
h = 0 and 1.5 m under the undamped free vibration with initial vertical displacement of u(0) = 0.1 and 0.3 m are
shown in Figure 6. By increasing the oscillation amplitude, the fundamental frequency of system with h = 0and 1.5 m
increases from 2.6 and 14.1 Hzto 5.25 and 38.75 Hz, respectively. On the other hand, it is observed that by increasing
the rise, the oscillation amplitude decreases significantly due to the mode cancellation; which means, by increasing the rise in
this type of saddle shaped cable-net structure, the higher-frequency modes are activated and the effect of lower-frequency
modes are cancelled. Therefore, the structure can’t oscillate on the main mode (Figure 7).

03 - w0)=0.1m - -- - u(0)=0.3 m 0 - u(0)=0.1m - - - - u(0)=0.3 m
Eo2q o ojon E 02
o f AA LA SRR A Ford
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a S I N O U L L PR P o . ’ o ‘
@024\ oy vowo Z-01 4.
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Q '03 T T T 1 '02 T T T 1
0 0.5 1 1.5 2 0 0.1 0.2 0.3 0.4
(a) Time (sec) (b) Time (sec)
Figure 6 Free vibration of undamped cable net with (a) h = 0 and (b) h = 1.5 m.
15000 1 h=0m 600 1 h=15m
o 10000 - ©
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Figure 7 Fourier spectrum of the undamped cable net with (a) h = 0 and (b) h = 1.5 m.

3.3 Response spectrum

The displacement response spectrum of undamped cable net withh = 0.5m, R = 10,T,,, = 1 kN and M = 233 kg
to vertical harmonic excitation P(t) = P, sin({2t) is presented in Figure 8. Five exciting amplitudes are considered as P,
equal to 10w, 20w, 30w, 40w and 50w, in which, w is the total weight of the structure and 2 is the exciting frequency
from 10 to 30 Hz with 0.1 Hz interval.

The more the amplitude of dynamic excitation rises, the more the dominant frequency of the system corresponding
to the peak of the response spectrum increases and tends to right. Therefore, the frequency of the system depends not
only on the stiffness and mass, but also to the amplitude of the dynamic excitation. As the amplitude increases, the
average axial force of members increases, leading to about 30% increase at the vibrational frequency. This represents
the geometrically nonlinear behavior of cable net systems, in which, the response is not only depended on the excitation
frequency, but also to the amplitude of the excitation.
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------- P=20w

P=30w

0.6 Poiow
P=50w

&
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RN L o =
e T N R RN S T R s LT
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[

10 15 20 25 30
Frequency (Hz)

Figure 8 Displacement response spectrum of undamped cable net to harmonic vibration with different exciting amplitudes.
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3.4 Response to wind excitation

The models were subjected to wind excitation with the time history presented in Figure 3. The damping ratio of 2%
was applied to assess more realistic behavior of the system subjected to the wind excitation (Vassilopoulou and Gantes,
2011; Feng et al., 2013).

Comparing the displacement response factor R; of damped cable net models with different rises under the wind
excitation, shown in Figure 9, if h > 0 then R; < 1, that is, the dynamic displacement amplitude is less than the static
displacement. The R is the ratio of the maximum of the dynamic displacement u,,,, to the static displacement ug;.
Because, the more the rise increases, the more the frequency of the system increases and gets away from the dominant
frequency-range of wind excitation with lower frequency-range. It shows the importance of dynamic analysis of flat cable
nets, comparing to the ones with rise.

1.6 1 M=233 kg
IREX ;i“;lkN
E; 0.8
T 04
o

’ 0 0.5 X 15

" h(m)

Figure 9 Displacement response factor of cable net vs. rise.

4 Equivalent SDOF modeling

The dynamics of systems with geometric nonlinearity, which their stiffness depends on the deformation, subjected
to large amplitudes can be well described by a cubic hardening nonlinearity (Setio et al., 1992a, 1992b). Kung and Pao
(1972), Parzygnat and Pao (1978) and Nayfeh and Mook (1979) showed that such nonlinear equations can be reduced to
the equation of motion of Duffing’s oscillator. Perturbation techniques such as: Lindstedt’s, multiple scales, averaging,
harmonic balance methods and etc. are used as the solution of nonlinear equations of the motions (Nayfeh and Mook,
1979; Vakakis, 2002; Kevorkian and Cole, 1996; Jager and Furu, 1996; Rand, 2005). The solution of nonlinear differential
equations can be obtained relatively simple by numerical integration method such as Runge-Kutta method (Kreysizig,
2011). However, this procedure is unreasonably prolonged to obtain a stationary solution of a MDOF system. Therefore,
an equivalent SDOF model is introduced to evaluate the dynamic amplifications of the MDOF cable net. The SDOF model
consists of two crossing members of pre-stressed fix-ended cables with opposite concavities (Figure 10). Only the degree
of freedom is considered along the z-axis of the central node. The cable material is treated as linear elastic in tension,
without compression resistant. Both cables have the same size of span (L), rise (h), cross-section area (A), elastic
modulus (E) and initial strain (g,). According to Hooke’s law &, = T,/EA where T, is the cable pretension. The total
uniformly distributed mass of the structure is considered as the lumped mass (M) attached to the central node.
Considering vertical displacement of the central node as u(t), the equation of motion along the z-axis and subjected to
a dynamic load P, (t) can be written as:

Mii(t) + Cu(t) + T,(t) = P,(t) (1)

T,(t) is the sum of the tension for each deformed cable element (T;(t), i = 1,2,3 and 4) at the central node, along the
z global axis with considering the large deformations as (Vassilopoulou and Gantes, 2011):

Ta(®) Ty
w4 : _ 1201\ [ h+u(t) _ I3.(t)-1o\ [h—u(t)
T,(8) = ST () = 2{ EA( o ) (ll,z(c)) B4 ( L ) <13,4(t>) @)

ly, the initial length of each cable element, is expressed as:
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_lr=l _ I
& = =1, = Tre. (3)

I, the initial pretensioned length of each cable element, is defined as:

lp =J(L/2)% + h? (4)

1;(t), i =1,2,3 and 4, the deformed length of the i*" cable element, is written as:

L) =(L/2)? + (h+u(t))?, L34(t) = (L/2)* + (h—u(t))? (5)

Substituting the Egs. (3) - (5) into the Eq. (2), T, (t) becomes:

_ 4u(1+gg) 2(h—u(t)) _ 2(h+u(t)) }
T,(t) = EA {\/(L/Z)2+h2 J@/22+(h—u()?  J@L/2)%+h+u(t))? (6)
and C is the damping coefficient, expressed as:
C =2{Mwy (7)

where { is the damping ratio and w, is the natural frequency for the undeformed state, defined as (Vassilopoulou and
Gantes, 2011):

(1 a1, v®)=0 _ [4EA (h2+e0(L/2)%+£0n%)
w, (t) = \IM E0) > W20 = T JGienne (8

Figure 10 Geometric shape of SDOF cable net model.

Assuming ¢ (x.y) = Asin(mx /L) sin(my/L) as the first eigen mode shape of the net, the equivalent mass (M*) and
the equivalent force (P*) are estimated as: Eq. (9) and Eq. (10), respectively.

M* =¥ m,sin? nTxisinZ nTy‘ (9)
P =" p; sin%sin% (10)

where m; and p; are the lumped mass and the exciting amplitude at the it node of the full FE model, respectively. n is
number of cables of the full FE model. x; and y; are the coordinates of the i*" node of the full FE model (Figure 1).

Assuming the span, rise and initial strain of SDOF model as same as the full FE model, the equivalent axial stiffness
(EA)* is calculated by using the following equation:

e
(EA)" =
4ugt(1+€9) : 2(h—ugt) 2(h+ugt) (11)
V@222 2024 husp? - [/2)2+(hruse)?
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where ug; is the static displacement of central node of the full FE model under the dynamic excitation amplitude. For the
equivalent SDOF system, 2% extra damping ratio is considered to equate its kinetic energy with the kinetic energy of full
FE structure.

As shown in Figure 11, a comparison between displacement response spectrum of the equivalent SDOF and full FE
models with h = 0 and 0.5 m under the vertical harmonic excitation P(t) = P, sin(£2t) with P, = 10w is considered to
verify the accuracy of this procedure. Where w is the total weight of the full FE model and {2 is the exciting frequency
from 0.1 to 50 Hz with 0.1 Hz interval. The parameters of the full FE models and the calculated parameters of the
equivalent SDOF models are presented in Table 2. The equivalent SDOF model has estimated the resonance frequency
of the full FE models with h = 0 and 0.5 m with a deviation of 3.1% and 4.6%, respectively.

Table 2 The parameters of the full FE and equivalent SDOF models under the harmonic excitation.

Parameters of full FE model

h Zm,- Zpl EA T()’n R Eon = TO,n/EA L z

kg kN kN kN - = m %
0 233 22.43 7.80x103 1.0 10 1.28x10* 5v2 0
0.5 233 22.43 7.80x103 1.0 10 1.28x104 5v2 0

Parameters of equivalent SDOF model

h M pP* (EA)* Ty = g9(EA)* & L 4

kg kN kN kN = m %
0 179.7 19.77 4.78x104 6.13 1.28x104 5v2 2
0.5 179.7 19.77 8.27x104 10.6 1.28x10* 5v2 2

= - Full FE model . Full FE model

E - £ 0.3 - A

= 0.8 Equivalent SDOF model = Equivalent SDOF model

5 5

g 0.0 1 302 -

= =

Z 04 - & ‘

g g 0.1 1 y «!

= 02 A =

5 ~ . g Py T B

= 0 T T T T " = 0 T T T T —

0 10 20 30 40 50 0 10 20 30 40 50
(a) Frequency (Hz) (b) Frequency (Hz)

Figure 11 Comparison of the displacement response spectrum of the full FE and equivalent SDOF models under the harmonic
excitation; (a) h = 0, (b) h = 0.5 m.

The efficiency of the calibrated equivalent model has been evaluated under the wind load, presented in Figure 3.
The parameters of the full FE model and the calculated parameters of the equivalent SDOF model are presented in
Table 3. The equivalent SDOF model estimates the dynamic response of the full FE model under the wind excitation with
2.76% deviation (Figure 12).

Table 3 The parameters of the full FE and equivalent SDOF models under the wind excitation.

Parameters of full FE model

h Im; Xp; EA Ton R gon = Ton/EA L 4

kg kN kN kN = = m %

0 233 8.5 7.80%x103 1.0 10 1.28x10%4 5v2 0
Parameters of equivalent SDOF model

h M pP* (EA)” Ty = go(EA)” & L 4

m kg kN kN kN - m %

0 179.7 7.52 4.95x10* 6.34 1.28x10* 5v2 2
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Figure 12 Comparison of the displacement response of the full FE and equivalent SDOF models under the wind excitation.

5 The application of active control to improve cable net behavior

In order to reduce the dynamic response of the mentioned cable net with the geometrical nonlinear behavior
described in previous sections, PSO is applied as control algorithm. Since the purpose of this part is to verity the efficiency
of the control algorithm, using the equivalent SDOF method is suitable to reach this goal (Figure 13). The nonlinear
equation of motion of the controlled SDOF system can be written as:

Mii(t) + Cu(t) + T,(t) + Teontro () = Po() (12)
where T,oner01(t), an applied control force to the central node and along the z global axis, is expressed as (Soong, 1990):
Teontro(t) = G(£)X() (13)
X(t), the state vector, is expressed as:

X ={u@® w®} (14)

G(t) is the control gain that is determined by minimizing the performance index (/) using the PSO algorithm. The J index
is expressed as:

J =5 Ji 2. Q(1,1) +12.Q(21) + Teoneror(t). Rldt (15)

where Q and R, the weight matrices that determine the importance of the structural responses and the control force
respectively, are defined as:

0= 8] n=os

Figure 13 Geometric shape of equivalent SDOF cable net under the control force.
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A comparison between the displacement response of the controlled and uncontrolled cable nets under the wind
excitation and the required control force are shown in Figure 14. The time history of the wind excitation is shown in
Figure 3. The proposed control algorithm is able to reduce the maximum response up to 38% by applying a maximum
control force of 3.7 kN, which proves the efficiency of the applied control algorithm. The parameters of the uncontrolled
full FE model and the controlled equivalent SDOF model are presented in Table 3.

Uncontrolled - - - - Controlled 47

0.2 2
£ < 2 4
~ 01 3
5 =
£ =0
Z-01 -2 1
al &)

'0,2 T T T T T 1 '4 T T T T 1

0 100 200 300 400 500 0 100 200 300 400 500

(a) Time (sec) (b) Time (sec)

Figure 14 (a) Comparison of the displacement response of the controlled and uncontrolled models under the wind excitation;
(b) required control force.

In order to investigate the efficiency of proposed control algorithm on different rises, a numerical example is
assumed in which the cables of SDOF models have EA = 7.80 X 103 kN, L = 5v2m, To =1kN, g5 = 1.28 X 1074,
M =100kg, { =0and h =0,0.25,0.5,0.75,1,1.25,1.5,1.75, 2 m. The models are subjected to wind excitation with
the time history presented in Figure 3. The amount of reduction in structural response of controlled models for different
rises and their corresponding control forces are shown in Figure 15. The more the rise increases, the more the efficiency
of the control algorithm decreases. This is due to the higher stiffness of the structure in vertical direction. Therefore, it
is recommended to apply the proposed control system in less curved cable nets.

60 1 8
50 1
40 A
30 A
20 A
10 -

O T T T 0 Ll T T
0 0.5 1 1.5 2 0 0.5 1 1.5 2
(a) h (m) (b) h (m)
Figure 15 Efficiency of control algorithm for undamped cable nets with different rises under the wind excitation; (a) reduction
percent of displacement response; (b) required control force.

Control force (kN)

Reduction percent of
displacement response (%o)

*

6 Conclusions

The dynamic behavior of a saddle-shaped cable net with two high points and two low points was studied. The effects
of the different parameters such as: mass and geometry of the structure, pretension and alignment of the cables and
amplitude of the oscillation was investigated. An equivalent SDOF system was introduced to estimate the dynamic
response of the full FE cable net and a nonlinear active control algorithm was proposed to reduce the structural
responses. The following results have been obtained:

e  The more the ratio of pretension in the edge cable to the net cable increases, the more the frequency of the cable
net decreases. Because, the governed geometry obtain from form-finding analysis leads to both less sag in the edge
cables and the bigger length of the net cables, consequently the stiffness of entire structure reduces.

e  The effectiveness of increasing rise (h) on the improvement of dynamic behavior strongly depends on the alignment
of the net cables. The more the number of cables with higher rise increases, the less the response of the structure
will be under the same load. This can be actualized by spanning the middle net cables between similar supports.
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e By creating curvature in the cable net, the higher modes are activated and compensate the effect of the first modes.
Consequently, the vibrational amplitude of the structure drops considerably, which is called “the cancellation
mode”.

e  The cable switching response spectrum is plotted. It is observed that the effect of the geometrically nonlinear
behavior of the cable-net structures plays an important role, especially when the amplitude of the oscillation is
increased. It results in higher eigen-frequency of the same cable-net under the similar conditions.

e  Dynamic response factor in curved cable nets due to their high stiffness is less than 1, but in flat structures is higher
than 1, which indicates the importance of dynamic analysis of flat cable-net structures.

e The results showed that the equivalent SDOF system as a simplified method can estimate the dynamic response of
the MDOF flat model with 2.76% deviation. Therefore, the proposed solution can reduce the high cost of geometric
nonlinear dynamics analysis.

e  One way to reduce the displacement of the structure is to increase the pretension on the cables. However, this
solution results in higher design forces of the cables as the side effect which rises the total costs. Therefore, a
proposed nonlinear active control algorithm is applied as a solution to reduce the structural responses without
raising the cable force. The efficiency of the proposed control algorithm has been proven in different cases by
reducing the displacement up to 38%. The results showed that the control algorithm works more efficiently in lower
curved cable-nets.

Author’s Contributions: Conceptualization, R Zarfam; Methodology, M Khalkhaliha and R Zarfam; Investigation,
M Khalkhaliha; Writing - original draft, M Khalkhaliha; Writing - review & editing, M Khalkhaliha; Funding acquisition,
M Khalkhaliha; Re-sources, M Khalkhaliha and R Zarfam; Supervision, P Zarfam.

Editor: Jan Awrejcewicz.

References

Atai, A.A. and Mioduchowski, A. (1998). Equilibrium analysis of elasto-plastic cable nets. Computers & Structures 66(2-3): 163-
171. doi: 10.1016/50045-7949(97)00082-5.

Birnstiel, C. (1972). Analysis and design of cable structures. Computers & Structures 2(5-6): 817-831. doi: 10.1016/0045-
7949(72)90040-5.

Bleicher, A., Schlaich, M., Funio, Y. and Schauer, T. (2011). Model-based design and experimental of active vibration control for
a stress ribbon bridge using pneumatic muscle actuators. Engineering Structures 33(8): 2237-2247. doi:
10.1016/j.engstruct.2011.02.035.

Bletzinger, K.U. and Ramm, E. (2001). Structural optimization and form finding of light weight structures. Computers &
Structures 79(22-25): 2053-2062. doi: 10.1016/50045-7949(01)00052-9.

EN 1991-1-1 (2002), Eurocode 1: Actions on structures - Part 1-1: General actions - Densities, self-weight, imposed loads for
buildings, European Standard.

ETA-11/0160, European Technical Assessment, PFEIFER Tension Members (2015). on the world wide web:
https://www.pfeifer.info/out/assets/PFEIFER_TENSION-MEMBERS_BROCHURE_EN.PDF

Feng, R., Ye, J., Yan, G. and Ge, J. (2013). Dynamic Nonlinearity and Nonlinear Single-Degree-of-Freedom Model for Cable Net
Glazing. Journal of Engineering Mechanics 139(10): 1446—-1459. doi: 10.1061/(ASCE)EM.1943-7889.0000575.

Gambhir, M.L. and Batchelor, B. (1977). A finite element for 3-D prestressed cablenets. International Journal for Numerical
Methods in Engineering 11(11): 1699-718. d0i:10.1002/nme.1620111106.

Gambhir, M.L. and Batchelor, B. (1979). Finite element study of the free vibration of 3-D cable networks. International Journal
of Solids and Structures 15(2): 127-136. doi: 10.1016/0020-7683(79)90017-9.

Latin American Journal of Solids and Structures, 2020, 17(3), e267 12/14



Nonlinear structural behavior and vibration control of a double curved cable net under the dynamic Mohammad Khalkhaliha et al.
excitations

Haiyan, H., Qiang, T., Wei, Z., Dongping, J., Gengkai, H. and Yanping, S. (2013). Nonlinear dynamics and control of large
deployable space structures composed of trusses and meshes. Advances in Mechanics 43(4): 390-414. doi: 10.6052/1000-
0992-13-045.

Haug, E. and Powell, G.H. (1972). Analytical shape finding for cable nets. Proc. 1971 IASS Pacific Symposium Part |l on TENSION
STRUCTURES and SPACE FRAMES, Tokyo and Kyoto, pp. 83-92, Paper No. 1-5, Architectural Institute of Japan.

Jager, E.M. and Furu, J. (1996). The theory of singular perturbations, Elsevier Science B.V., The Netherlands.
Kevorkian, J. and Cole, J.D. (1996). Multiple scale and singular perturbation methods, Springer-Verlag, U.S.A.
Kreysizig, E. (2011). Advanced engineering mathematics, 10th Edition, John Wiley & Sons, Inc., U.S.A.

Kung, G.C. and Pao, Y.H. (1972). Nonlinear flexural vibrations of a clamped circular plate. Journal of Applied Mechanics 39(4):
1050-1054. doi: 10.1115/1.3422827.

Kwan, A.S.K. (2000). Simple technique for calculating natural frequencies of geometrically nonlinear prestressed cable
structures. Computers & Structures 74(1): 41-50. doi: 10.1016/50045-7949(98)00318-6.

Lazzari, M., Saetta, A.V. and Vitaliani, R.V. (2001). Non-linear dynamic analysis of cable-suspended structures subjected to
wind actions. Computers & Structures 79(9): 953-969. doi: 10.1016/50045-7949(00)00187-5.

Levy, R. and Spillers, W.R. (2003). Analysis of Geometrically Nonlinear Structures. 2nd ed., Kluwer Academic Publishers, The
Netherlands.

McKenna, F., Fenves, G.L., Scott, M.H. and et al. (2000). Open System for Earthquake Engineering Simulation, OpenSees,
University of California, Berkeley. CA.

Nayfeh, A. and Mook, D.T. (1979). Nonlinear oscillations, John Wiley & Sons, Inc., U.S.A.

Papadrakakis, M. and Gantes, C.J. (1988). Truncated Newton methods for nonlinear finite element analysis. Computers &
Structures 30(3): 705-714. doi: 10.1016/0045-7949(88)90306-9.

Papadrakakis, M. and Balopoulos, V. (1991). Improved quasi-Newton methods for large nonlinear problems. Journal of
Engineering Mechanics 117(6): 1201-1219. doi: 10.1061/(ASCE)0733-9399(1991)117:6(1201).

Parzygnat, W.J. and Pao, Y.H. (1978). Resonance phenomena in the non-linear vibration of plates governed by Dulling’s
equation. International Journal of Engineering Science 19: 966-1017.

Rand, R.H. (2005). Lecture notes on nonlinear vibrations, v.52, Cornell University, U.S.A.

Setio, S., Setio, H.D. and Jezequel, L. (1992a). A method of non-linear modal identification from frequency response tests.
Journal of Sound and Vibration 158(3): 497-515. doi: 10.1016/0022-460X(92)90421-S.

Setio, S., Setio, H.D. and Jezequel, L. (1992b). Modal Analysis of Nonlinear Multi-degree-of-freedom Structures. International
Jornal of Analytical and Experimental Modal Analysis 7(2): 75-93.

Shi, Y., Wu, L., Wang, Y., Lou, K. and Xu, Y. (2007). FEM Analysis and Experimental Study on Monolayer Cable Net for Glass
Facades: Dynamic Properties. Advances in Structural Engineering 10(4): 383—-395. doi: 10.1260/136943307783239327.

Soong, T.T. (1990). Active Structural Control: Theory and Practice, Longman, England and Wiley, New York.

Stefanou, G.D. (1992). Dynamic response of tension cable structures due to wind loads. Computers & Structures 43(2): 365-
372. doi: 10.1016/0045-7949(92)90154-R.

Talvik, I. (2001). Finite element modelling of cable networks with flexible supports. Computers & Structures 79(26): 2443-
2450. doi: 10.1016/5S0045-7949(01)00077-3.

Vakakis, A. (2002). Introduction to dynamical systems, Lecture Notes, National Technical University of Athens, Greece.

Vassilopoulou, I. and Gantes, C.J. (2005). Cable Nets with Elastically Deformable Edge Ring. International Journal of Space
Structures 20(1): 15-34. doi: 10.1260/0266351054214353.

Vassilopoulou, I. and Gantes, C.J. (2010). Vibration modes and natural frequencies of saddle form cable nets. Computers &
Structures 88(1-2): 105— 119. doi: 10.1016/j.compstruc.2009.07.002.

Latin American Journal of Solids and Structures, 2020, 17(3), e267 13/14



Nonlinear structural behavior and vibration control of a double curved cable net under the dynamic Mohammad Khalkhaliha et al.
excitations

Vassilopoulou, I. and Gantes, C.J. (2011). Nonlinear dynamic behavior of saddle-form cable nets under uniform harmonic load.
Engineering Structures 33(10): 2762-2771. doi: 10.1016/j.engstruct.2011.06.001.

Vassilopoulou, I. and Gantes, C.J. (2012). Nonlinear dynamic phenomena in a SDOF model of cable net. Archive of Applied
Mechanics 82(10-11): 1689— 1703. doi: 10.1007/s00419-012-0660-2.

Vassilopoulou, I. and Gantes, C.J. (2013). Nonlinear Dynamic Response of MDOF Cable Nets Estimated by Equivalent SDOF
Models. Computational Methods in Earthquake Engineering 2: 345-379. doi: 10.1007/978-94-007-6573-3_17.

Vassilopoulou, I. and Gantes, C.J. (2016). Influence of a Deformable Contour Ring on the Nonlinear Dynamic Response of Cable
Nets. Journal of Structures 6: 146-158. doi: 10.1016/j.istruc.2016.02.007.

Waziri, M.Y., Leong, W.J., Hassan, M.A. and Monsi, M. (2010). Jacobian computation-free Newton’s method for systems of
nonlinear equations. Journal of Numerical Mathematics and Stochastics 2(1): 54-63.

Wou, L., Shi, Y. and Wang, Y. (2010). Wind-Induced Response Characteristics of Monolayer Cable Net. Journal of Engineering
Mechanics 136(3): 311-321. doi: 10.1061/(ASCE)0733-9399(2010)136:3(311).

Wu, Y.S., Zhang, W.Z., Meng, X.Y. and Su, Y. (2016). Nonlinear vibration control of cable net structures with bounded
uncertainties. Acta Mechanica 227(10): 2985-3000. doi: 10.1007/s00707-016-1656-8.

Zarfam, R., Bletzinger, K.U. and Off, R. (2017). On the Dynamic of the Pre-stressed Flat Membrane Structures. Institute for
Membrane and Shell technology, Anhalt University of Applied Science, Dessau, Germany.

Zingoni, A. (1996). An efficient computational scheme for the vibration analysis of high tension cable nets. Journal of Sound
and Vibration 189(1): 55-79. doi: 10.1006/jsvi.1996.0005.

Latin American Journal of Solids and Structures, 2020, 17(3), e267 14/14



	Nonlinear structural behavior and vibration control of a double curved cable net under the dynamic excitations
	1 INTRODUCTION
	2 The definition of the structural model
	3 Parametric investigation on the dynamic behavior of the cable net
	3.1 The study of the geometric, pretension and mass effects
	3.2 The study of the oscillation amplitude effects
	3.3 Response spectrum
	3.4 Response to wind excitation

	4 Equivalent SDOF modeling
	5 The application of active control to improve cable net behavior
	6 Conclusions
	References



<<

  /ASCII85EncodePages false

  /AllowPSXObjects false

  /AllowTransparency false

  /AlwaysEmbed [

    true

  ]

  /AntiAliasColorImages false

  /AntiAliasGrayImages false

  /AntiAliasMonoImages false

  /AutoFilterColorImages true

  /AutoFilterGrayImages true

  /AutoPositionEPSFiles true

  /AutoRotatePages /All

  /Binding /Left

  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)

  /CalGrayProfile (Dot Gain 20%)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Warning

  /CheckCompliance [

    /None

  ]

  /ColorACSImageDict <<

    /HSamples [

      1

      1

      1

      1

    ]

    /QFactor 0.15000

    /VSamples [

      1

      1

      1

      1

    ]

  >>

  /ColorConversionStrategy /UseDeviceIndependentColor

  /ColorImageAutoFilterStrategy /JPEG

  /ColorImageDepth -1

  /ColorImageDict <<

    /HSamples [

      1

      1

      1

      1

    ]

    /QFactor 0.15000

    /VSamples [

      1

      1

      1

      1

    ]

  >>

  /ColorImageDownsampleThreshold 1.50000

  /ColorImageDownsampleType /Bicubic

  /ColorImageFilter /DCTEncode

  /ColorImageMinDownsampleDepth 1

  /ColorImageMinResolution 300

  /ColorImageMinResolutionPolicy /OK

  /ColorImageResolution 355

  /ColorSettingsFile ()

  /CompatibilityLevel 1.7

  /CompressObjects /Off

  /CompressPages false

  /ConvertImagesToIndexed true

  /CreateJDFFile false

  /CreateJobTicket false

  /CropColorImages false

  /CropGrayImages false

  /CropMonoImages false

  /DSCReportingLevel 0

  /DefaultRenderingIntent /Default

  /Description <<



    /BGR <>

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /CZE <>

    /DAN <>

    /DEU <>

    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)

    /ESP <>

    /ETI <>

    /FRA <>

    /GRE <>



    /HRV <>

    /HUN <>

    /ITA <>

    /JPN <>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /LTH <>

    /LVI <>

    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)

    /NOR <>

    /POL <>

    /PTB <>

    /RUM <>

    /RUS <>

    /SKY <>

    /SLV <>

    /SUO <>

    /SVE <>

    /TUR <>

    /UKR <>

  >>

  /DetectBlends true

  /DetectCurves 0

  /DoThumbnails false

  /DownsampleColorImages true

  /DownsampleGrayImages true

  /DownsampleMonoImages true

  /EmbedAllFonts true

  /EmbedJobOptions true

  /EmbedOpenType false

  /EmitDSCWarnings false

  /EncodeColorImages true

  /EncodeGrayImages true

  /EncodeMonoImages true

  /EndPage -1

  /GrayACSImageDict <<

    /HSamples [

      1

      1

      1

      1

    ]

    /QFactor 0.15000

    /VSamples [

      1

      1

      1

      1

    ]

  >>

  /GrayImageAutoFilterStrategy /JPEG

  /GrayImageDepth -1

  /GrayImageDict <<

    /HSamples [

      1

      1

      1

      1

    ]

    /QFactor 0.15000

    /VSamples [

      1

      1

      1

      1

    ]

  >>

  /GrayImageDownsampleThreshold 1.50000

  /GrayImageDownsampleType /Bicubic

  /GrayImageFilter /DCTEncode

  /GrayImageMinDownsampleDepth 2

  /GrayImageMinResolution 300

  /GrayImageMinResolutionPolicy /OK

  /GrayImageResolution 355

  /ImageMemory 1048576

  /JPEG2000ColorACSImageDict <<

    /Quality 30

    /TileHeight 256

    /TileWidth 256

  >>

  /JPEG2000ColorImageDict <<

    /Quality 30

    /TileHeight 256

    /TileWidth 256

  >>

  /JPEG2000GrayACSImageDict <<

    /Quality 30

    /TileHeight 256

    /TileWidth 256

  >>

  /JPEG2000GrayImageDict <<

    /Quality 30

    /TileHeight 256

    /TileWidth 256

  >>

  /LockDistillerParams false

  /MaxSubsetPct 100

  /MonoImageDepth -1

  /MonoImageDict <<

    /K -1

  >>

  /MonoImageDownsampleThreshold 1.50000

  /MonoImageDownsampleType /Bicubic

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /MonoImageResolution 2400

  /Namespace [

    (Adobe)

    (Common)

    (1.0)

  ]

  /NeverEmbed [

    true

  ]

  /OPM 1

  /Optimize true

  /OtherNamespaces [

    <<

      /AsReaderSpreads false

      /CropImagesToFrames true

      /ErrorControl /WarnAndContinue

      /FlattenerIgnoreSpreadOverrides false

      /IncludeGuidesGrids false

      /IncludeNonPrinting false

      /IncludeSlug false

      /Namespace [

        (Adobe)

        (InDesign)

        (4.0)

      ]

      /OmitPlacedBitmaps false

      /OmitPlacedEPS false

      /OmitPlacedPDF false

      /SimulateOverprint /Legacy

    >>

    <<

      /AddBleedMarks false

      /AddColorBars false

      /AddCropMarks false

      /AddPageInfo false

      /AddRegMarks false

      /BleedOffset [

        0

        0

        0

        0

      ]

      /ConvertColors /NoConversion

      /DestinationProfileName (U.S. Web Coated \050SWOP\051 v2)

      /DestinationProfileSelector /UseName

      /Downsample16BitImages true

      /FlattenerPreset <<

        /ClipComplexRegions true

        /ConvertStrokesToOutlines false

        /ConvertTextToOutlines false

        /GradientResolution 300

        /LineArtTextResolution 1200

        /PresetName ([High Resolution])

        /PresetSelector /HighResolution

        /RasterVectorBalance 1

      >>

      /FormElements false

      /GenerateStructure true

      /IncludeBookmarks false

      /IncludeHyperlinks true

      /IncludeInteractive false

      /IncludeLayers false

      /IncludeProfiles true

      /MarksOffset 6

      /MarksWeight 0.25000

      /MultimediaHandling /UseObjectSettings

      /Namespace [

        (Adobe)

        (CreativeSuite)

        (2.0)

      ]

      /PDFXOutputIntentProfileSelector /UseName

      /PageMarksFile /RomanDefault

      /PreserveEditing true

      /UntaggedCMYKHandling /UseDocumentProfile

      /UntaggedRGBHandling /UseDocumentProfile

      /UseDocumentBleed false

    >>

    <<

      /AllowImageBreaks true

      /AllowTableBreaks true

      /ExpandPage false

      /HonorBaseURL true

      /HonorRolloverEffect false

      /IgnoreHTMLPageBreaks false

      /IncludeHeaderFooter false

      /MarginOffset [

        0

        0

        0

        0

      ]

      /MetadataAuthor ()

      /MetadataKeywords ()

      /MetadataSubject ()

      /MetadataTitle ()

      /MetricPageSize [

        0

        0

      ]

      /MetricUnit /inch

      /MobileCompatible 0

      /Namespace [

        (Adobe)

        (GoLive)

        (8.0)

      ]

      /OpenZoomToHTMLFontSize false

      /PageOrientation /Portrait

      /RemoveBackground false

      /ShrinkContent true

      /TreatColorsAs /MainMonitorColors

      /UseEmbeddedProfiles false

      /UseHTMLTitleAsMetadata true

    >>

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXBleedBoxToTrimBoxOffset [

    0

    0

    0

    0

  ]

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXOutputCondition ()

  /PDFXOutputConditionIdentifier (CGATS TR 001)

  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)

  /PDFXRegistryName (http://www.color.org)

  /PDFXSetBleedBoxToMediaBox true

  /PDFXTrapped /False

  /PDFXTrimBoxToMediaBoxOffset [

    0

    0

    0

    0

  ]

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /ParseICCProfilesInComments true

  /PassThroughJPEGImages true

  /PreserveCopyPage true

  /PreserveDICMYKValues true

  /PreserveEPSInfo true

  /PreserveFlatness false

  /PreserveHalftoneInfo false

  /PreserveOPIComments false

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Preserve

  /UsePrologue false

  /sRGBProfile (sRGB IEC61966-2.1)

>> setdistillerparams

<<

  /HWResolution [2400 2400]

  /PageSize [612.000 792.000]

>> setpagedevice





