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Abstract

The non-linear behavior of multi-suspended roof systems for seismic loads is studied. The study is based on a formulation that can be
easily employed for a preliminary design of multi-suspended roofs subjected to seismic loads. Specifically, applying Lagrange’s equations,
the corresponding set of equations of motion for discrete models of multiple suspension roofs is obtained and numerical integration of
the equations of motion is performed via the Runge-Kutta scheme. For representative realistic combinations of geometric, stiffness and
damping parameters, a non-linear analysis is employed to study the behavior of suspended roofs for near-source and far-field seismic
motions. The analysis demonstrates that: (i) code-specified design loads could dramatically underestimate the response of suspended
roofs subjected to near-source ground motions and (ii) flexible roofing systems are greatly affected by near-source ground motions, a

behavior that is not observed for stiff systems.
© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Many modern structural buildings, such as commercial
halls, airport halls, sport centers, trade and exhibition cen-
ters utilize suspension roofs that combine stability, econ-
omy and satisfaction of special architectural demands. A
number of inspired engineers have designed and built
numerous great buildings with suspended roofs as their
main structural component [1-3].

In the last two decades, the development of powerful
computers and sophisticated non-linear FEM software
has enabled engineers to utilize suspension roofs in compli-
cated large-scale structures, some of which can be classified
among unique examples of engineering excellence [4,5].

The current state of practice for non-linear static and
dynamic stability analysis of suspended structures, includ-
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ing suspension roof systems, can be achieved through
sophisticated FEM programs, which can simulate the
actual structures with models containing a large number
of degrees of freedom [6]. Nevertheless, modelling of sus-
pension roof systems with finite elements for design pur-
poses is a time consuming procedure that requires special
experience. On the other hand, simplified models for sus-
pension roof systems with a few degrees-of-freedom could
simulate the response of real continuous structures, pro-
vided that these models embrace the salient features of
the structural behavior [7,8].

Suspended roof systems used world-wide require three-
dimensional suspensions and transverse stiffening, being
sensitive to horizontal vibrations and may lose their stabil-
ity due to dynamic snap-through buckling [9,10]. On the
other hand, double and multiple suspension roofs may
overcome the aforementioned disadvantages of single sus-
pensions with repeated plane configurations [11], which
can effectively resist uplift and unbalanced as well as
upward and downward loading, as illustrated schemati-
cally in Fig. 1.


mailto:rafto@central.ntua.gr

1634 L.G. Raftoyiannis, C.C. Spyrakos! Computers and Structures 86 (2008) 1633—1642

As flexible systems, the response of suspended roofs is
mostly affected by dynamic loads characterized by long
periods [9]. The response of such systems to wind loads
has been extensively studied [10,5] and is currently
addressed in several codes, e.g., Eurocode 1 [12]. The long
eigenperiods that characterize these systems can safeguard
them from seismic motions that are characterized by short
period ground reversals; however, they can be an issue of
concern for near-source ground motions characterized by
long duration pulses.

Studies on the response of structures located at near-
source has been substantially increased after the 1994
Northridge earthquake and the more recent 1995 Kobe
earthquake [13,14]. The ground motion parameters of the
1994 Northridge earthquake have far reaching implications
in seismic design and especially on the design of flexible
structures. It has been reported that structures in the mid-
dle period range (natural periods of 0.5-2.5 s) appear to be
mostly affected from motions characterized by a ground
velocity pulse, while large ground displacement pulses are
damaging to long period structures, i.e., natural periods
longer than 3 s [15-18]. However, one should acknowledge
the pioneering work of other investigators such as Bertero
et al. [19], who studied the response of structures to the
near-source motion of the San Fernando earthquake.

The high-energy pulses of motion encountered at sites
affected by forward directivity, often referred as “fling”
[20] result in exceptionally high spectral response ordinates,
particular at longer periods. The phenomenon is primarily
attributed to distinctive pulse-like time histories, high peak
velocities and large ground displacements exhibited espe-
cially on the fault-normal component [17], a fact that is rec-
ognized and accounted for by current seismic codes and
provisions, e.g., NEHRP [21], IBC [22] and EAK [23]. Spe-
cifically, the UBC 97, the first seismic design code [24] that
explicitly introduced specific procedures to account for
near-source effects through the application of spectral
amplification factors, implies that for earthquakes of M 7
and greater, the near field is limited to 15 km from the fault
and that the near-filed does not exist for earthquakes smal-
ler than M 6.5. Recent studies, however, considering as
near-source the area close to the earthquake source where
ground motions are sufficiently strong to induce damage
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Fig. 1. Simple models for suspension roofing systems.

in engineered structures, have shown that near-source
effects should be considered for all earthquakes regardless
of magnitude to a lower limit as M 4.5 [25]. For earth-
quakes of less than M 6.5 near-source pulses appear at
shorter periods of the order of 0.5 s [26-28]. Salient differ-
ences between ‘“near” and ‘““far” field records as well as
their effects on structures have been studied by several
researchers [29-31].

Near-source ground motions with pulses can induce dra-
matically high responses that could far exceed the capacity
of flexible structures [32]. Iwan [33] stated that the pulses in
near-source ground motions travel through the height of
the buildings as waves, and that the conventional tech-
niques using the modal superposition method and the
response spectrum analysis may not capture the effects of
these pulses.

The primary objective of this study is twofold: (i) to for-
mulate the problem of seismic analysis of suspended roofs
with a methodology that can be easily implemented to pre-
liminary design and (ii) to investigate the response of sus-
pended roofs to near-source ground motions. To the
author’s knowledge this is the first study of its own on
the seismic response of suspended roofing systems to
near-source seismic motions. Based on energy principles,
the equations of the system are formulated in a non-dimen-
sional form in order to facilitate parametric analysis, and
numerically solved with a Runge-Kutta scheme.

2. Equations of motion

Usually suspended roofing systems are mounted on elas-
tic supports and consist of a space truss with hinged con-
nected parts and a number of suspension bars holding
the system at the supports. In this study the N-DOF system
shown in Fig. 2 is used as a simple, yet realistic, simulation
of multi-suspension roofs [8]. The model consists of N — 1
vertical linear springs with stiffness k; (i =2,3,...,N), cor-
responding dashpots ¢; (i=2,3,...,N) and N — | concen-
trated masses m; (i =2,3,...,N) interconnected via N — 2
weightless rigid inextensional bars of length ¢;. In Fig. 2
the dampers are not shown for simplicity. The nodal sup-
ports 1 and N+ 1 are immovable hinges connected with
the masses m, and my through inclined springs with stiff-
ness k; and k-1, and dashpots ¢; and ¢y, respectively.
The elastic supports are modelled with the springs k; and
kn+1 considered as extensional bars with initial length /;
and /y o, respectively, while in the deformed state (shown
with dotted lines in Fig. 2) their length becomes ¢; and
Ly, respectively. Since the suspension springs 2—N are act-
ing mainly in the vertical direction and the system is antic-
ipated to experience reasonably small horizontal
deflections compared to the total length of the system, it
can be assumed that the supports of the vertical springs
can freely slide along horizontal tracks as shown in Fig. 2.

The initial configuration of the system can be described
by the bar lengths ¢, ¢, %5, ...,¢y_1 and ¢y, and the corre-
sponding direction angles 0;,050,...,0ny_10 and Oy,.
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Fig. 2. N-DOF system for a multiple suspension roof.

Since nodes 1 and N+ 1 are immovable hinges, the
deformed configuration is described by the bar length ¢,
and the angles 04, 0,,...,05_;. The system is initially at rest
in a configuration described by the following set of
equations:

i
Xig={1gcosbig+ > ¢icosby
=2

(1)

Yio =4tiosin0io+ > £;sinb;
, 2

where x;o and y; are the initial coordinates of joint 7, and
¢; and 0, are the length and the initial direction angle of
bar j, respectively. The deformed configuration of the sys-
tem is described by

x; =4 c080, + > {;cosl;
=2

l_ @
y;=4sin6; + > ¢;sin 0,
j=2

where x; and y; are the coordinates of joint #, and 0; is the
direction of bar j in the deformed position. The strain en-
ergy U of the system can be expressed as [34]
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Since the system is modelled with concentrated masses
m; while ignoring the rotational inertia of the rigid links,
the load potential Q due to the earthquake loads Pj1)
applied at the joints in the form of horizontal and vertical
components, i.e., Py (f) and P, (?), is given by
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The kinetic energy K of the system is
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and the dissipation energy F is
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The Lagrange equations of motion of the system are ex-
pressed by



1636 L.G. Raftoyiannis, C.C. Spyrakos! Computers and Structures 86 (2008) 1633—1642

E(a_K> 0K OF U _ 09

0 6/1 aEl 651 6[1 661

0 (0K 0K OF 0oU oQ
a‘(@)‘Wa—Na—o]“a—ol )
6 0K 0K oF ou o0

a_ (@9}\/ 1) - 6ngl * 6€N,1 * a01\/71 T a@N,l

The system shown in Fig. 2 is considered initially imper-
fect, which implies that some joints have undergone a small
initial deformation for which all springs are considered to
be unstressed. In order to facilitate the parametric study
that follows, non-dimensional quantities are introduced
into Eq. (7)

= kl?l.o y T= ,/;—1217 Iy = Lyo/tio
m; =m;/my, p,=P;/Py, =10/l (i=2,...,N)
¢ = Ci/\/klm2> l_fi = ki/kl

(®)

where k; and ¢, are the stiffness and the initial length of
the spring at the left support, respectively, and 1, and P,
are the mass and total magnitude of seismic force at node
2, respectively. After manipulation of the resulting expres-
sions, the equations of motion are numerically solved in a
non-dimensional form. Numerical difficulties, caused by
strong non-linearities associated with convergence failure
have been faced in the process of solving Eq. (7) via the
Runge-Kutta scheme. This problem has been efficiently
treated by decreasing the size of the relevant integration
step [35], with negligible effect on the accuracy of the re-
sults, as elaborated in the following section.

3. Numerical examples

The numerical examples refer to the triply suspended
roof model (4-DOF system) shown in Fig. 3 with ¢, =
63 = 3 f40 = 1 21’)’[3 =my = 0. 5 92@ = 793,0 = 30° and
010=—0s0= 45°. For representative geometrical configu-
rations and a wide range of mechanical properties, the
dynamic response of each system is obtained for several
types of seismic excitations. The following representative
cases have been studied by varying the suspension stiffness
(k», k3, k4) with reference to the lateral support stiffness

Fig. 3. Triple suspension roof model.

(k1=ks): (1) stiff suspension (kz = 2ky = k4 = 1), (ii) med-
ium suspension (k, = 2k; = k4 = 0.5), and (iii) flexible sus-
pension systems (ky = 2k; = k4 = 0.1). In all cases, the
suspension and the lateral support damping coefficients
are evaluated for a damping ratio ¢ =2%. Thus, in view
of Eq. (8), the corresponding non-dimensional dashpot
coefficients are ¢; = ¢, = ¢3 = ¢4 = 0.028.

Table 1 presents the first three eigenperiods of the triple
suspension roof model that correspond to horizontal, ver-
tical and coupled modes, respectively. It is observed that
the period associated with the horizontal mode is the least
affected by the variation of the suspension stiffness, in con-
trast to the other two periods that dominate the vertical
motion.

The system of the four second-order non-linear equa-
tions of motion, Eq. (7), is given a small initial deformation
with 03, = 0.5° and treated numerically as a system of eight
first-order ordinary differential equations via the Runge—
Kutta scheme yielding a minimal error O(/*), with / denot-
ing the integration step [35]. It has been found that for a
step size £ <0.001, the numerical integration procedure is
stable for all cases. The system response has been obtained
via the Mathematica software [36], for representative sus-
pension stiffness, near-source seismic records and artificial
accelerograms, as discussed in the following.

In order to investigate the behavior of the system to
near-source ground motions and examine the adequacy
of seismic codes to account for near-source motions, a set
of records of near-source motions recorded on rock and
soft sites has been selected. Table 2 lists characteristics of
the selected earthquakes. Ground accelerations from the
06-15-1995 Aegion earthquake and the 08-19-2003 Lefkas
earthquake recorded a few kilometres from the epicentres
have been chosen. The horizontal near-source acceleration
records of the Aegion and Lefkas events are characterized
by acceleration pulses with a maximum amplitude of 0.52 g
as shown in Fig. 4a and b, respectively. The velocity traces
of the events contain two distinct pulses with a duration of
0.6-0.7 s and amplitude of about 44 cm/s [37]. For reasons
of comparison, the system is also subjected to artificial
earthquakes corresponding to the Greek Aseismic Code —
EAK [23] response spectra for soil category B (strongly
weathered rocks and layers of granular material with med-
ium density) and the maximum ground accelerations 0.24 g
and 0.36 g shown in Fig. 5a and b, respectively. The artifi-
cial earthquakes have been generated to correspond to the
Aegion and Lefkas records, respectively.

Table 1
Natural periods of the 4-DOF roof model for various stiffness parameters

bh=2%k=ki=1 hkh=2k=k=05 k=2%=k=01

Ty (s) 1.967 (v) 1.669 (v) 1.323 (v)
Ty (s) 1.528 (c) 1.179 (c) 1.125 (h)
Ty (s)  0.926 (h) 0.914 (h) 0.710 (c)

Note: (h) horizontal mode, (v) vertical mode and (c) coupled vertical and
rotational mode.
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Table 2
Strong motion data set of earthquake records
No  Earthquake Date Fault Magnitude  Station Component PGA PGV PGD Distance  Sly
mechanism  (My,) (g) (em/s)  (cm)  (km) (cm/s)
1 Lefkas 11/04/1973 RN 5.8 OTE building L 0.50 45.15 44S  Rpy, 23.0 168
2 Aeaion 06/15/1955 N 6.4 OTE building T 0.52 43.01 4.53  Rpy, 21.0 147
3 Northridge 01/17/1994 RN 6.7 Sylniar, CA — County 90 0.604 76.9 20.2 Repi 15.8 259
Hospital
4 Loma Prieta  10/18/1989 RO 7.0 Hollister, CA — South 0 0.370  62.2 31.9 Repi 50.0 252
Street and Pine Drive
5 Morgan Hill ~ 04/24/1984  SS 6.1 Gilroy Array #6 90 0.286  36.6 5.2 Repi 36.0 150
6 Coalinga 05/02/1983 RO 6.4 Pleasant Valley, CA — 135 0.524  39.1 6.6 Repi 9.0 156

Pumping Plant

RN: reverse fault, RO: reverse-oblique fault, SS: strike slip fault, N: normal fault, Ry,,: hypocentral, R.p;: epicentral, R,y: closest to fault rupture and Sly,
velocity spectrum intensity.
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Fig. 4. Aegion (a) and Lefkas (b) accelerograms, respectively.
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Fig. 5. Artificial accelerograms EAK with 4, =0.24 g (a), and 4, = 0.36 g (b), respectively.
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In Figs. 6-9, x3 and y3 denote the horizontal and vertical
response of the central node 3, respectively. Figs. 6 and 7
show the responses for stiff and soft triple suspension mod-

t

t

Fig. 6. Response of the 4-DOF model with k, = k3 = 1 for the Aegion earthquake.

els, respectively, subjected to the Aegion earthquake. Figs.
8 and 9 present the response for the same models for the
Lefkas earthquake. From these figures it can be observed
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Fig. 7. Response of the 4-DOF model with k, = k3 = 0.1 for the Aegion earthquake.
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Fig. 8. Response of the 4-DOF model with k, = k3 = 1 for the Lefkas earthquake.
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Fig. 9. Response of the 4-DOF model with k, = k3 = 0.1 for the Lefkas earthquake.
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that: (a) as the suspension stiffness increases the duration of
strong system response is elongated and (b) as the suspen-

t

Fig. 10. Response of the 4-DOF model with k, = k3 = 1 for the Lefkas earthquake (¢ = 15%).

sion stiffness decreases the system experiences substantially
larger amplitudes in the vertical direction. More specifi-
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cally, a decrease of 15-20% of the amplitude is observed in
the horizontal direction, while an increase of 50-90%
occurs in the vertical direction.

Fig. 10 shows the response of a 4-DOF roof with strong
suspension and a damping ratio &= 15% for the Lefkas
earthquake. This figure demonstrates the significant effect
of damping in reducing the system response by about
50% in both the vertical and the horizontal direction. A
similar behavior is observed for the effect of damping for
the other stiffnesses and seismic records, a fact that can
be used in order to significantly reduce the response of
roofing systems to near-source ground motions.

Figs. 11 and 12 show the response of the stiff and soft
suspension systems for the artificial earthquake generated
from the EAK spectra, that corresponds to the Aegion
record. It is observed that the response of the roof for
the Aegion earthquake exceeds by about 20% the

response of the artificial earthquake for the stiff suspen-
sion and by 15% for the soft suspension systems. A sim-
ilar behavior is observed for the artificial record
corresponding to the Lefkas earthquake as shown in Figs.
13 and 14.

In order to compare the response of suspended roofs
when excited by near-source motions and records obtained
at greater distances from the fault, the following two differ-
ent pairs of records are selected:

(1) the first pair consists of a record for the Loma Pricta
18-10-1989 earthquake (M, = 7.0) obtained at the
Hollister — South Street and Pine Drive station at a
50 km epicentral distance, and a record for the
Northridge 17-01-1994  earthquake (M, =6.7)
obtained at the Sylmar, CA — County Hospital sta-
tion at a 15.8 km epicentral distance,
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xm 0 !h"/\\f A ol >:’ 0 R\{AVAV/‘VA
V
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-0.1 -0.1
0 5 10 15 20 25 0 5 10 15 20 25
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Fig. 11. Response of the 4-DOF model with k, = k3 = 1 for EAK (0.24 g).
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Fig. 12. Response of the 4-DOF model with k, = k3 = 0.1 for EAK (0.24 g).
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Fig. 13. Response of the 4-DOF model with k, = k3 = 1 for EAK (0.36 g).
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Fig. 14. Response of the 4-DOF model with k, = k3 = 0.1 for EAK (0.36 g).

(ii) the second pair consists of a record for the Morgan

Hill 24-04-1984 earthquake (M, = 6.1) obtained at
the Gilroy Array #6 station at 36 km epicentral dis-
tance, and a record for the Coalinga 02-05-1983
earthquake (M,, = 6.4) obtained at the Pleasant Val-
ley, CA — Pumping Plant station at 9 km epicentral
distance [38,39]. The accelerograms have been
selected in order to have nearly the same velocity
spectrum intensity (Sly), a parameter that has been
found to give the least scatter and the best fit to a tar-
get spectrum over the entire range of periods when
scaling earthquake records for engineering analysis
[40]. The SIy parameter is given by the expression

SIy = /0 e nar (9)

.1

where Sy is the elastic pseudo-velocity spectrum and
T is the response period. A damping ratio & =0.05

has been selected for the analysis. Detailed character-
istics of the records are presented in Table 2. The re-
cords of the Loma Pricta and the Morgan Hill
earthquakes are characterized by a single prominent
velocity pulse, while the records of the Northridge
and the Coalinga earthquakes have more than one
number of cycles of motion in their velocity traces
[38,39]. The responses of the stiff suspension and soft
suspension systems for the Northridge earthquake
are shown in Figs. 15 and 16, respectively. Figs. 17
and 18 depict the responses of the same systems for
the Loma Prieta earthquake, respectively.

Regarding the pair of the Northridge and the Loma Pri-

eta earthquakes for stiff roofing systems, Figs. 15-18 show
that as the stiffness decreases, the amplitude in the horizon-
tal direction, x3, decreases by 30-50%. For the pair of the
Coalinga and the Morgan Hill earthquakes, the results
(not shown herein for reasons of space saving) depict that

0.1 T, 0.1
IR
B OO, 131 T R PURNTY O I
P 10 O A
- O V5 \’ Hll(l) U) 15 20 25 o O 5 10 15 20 2;3
Fig. 15. Respon:c of 4-DOF model with k, = k3 = 1 for the Northridge ear;quake.
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Il |

|
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——

0 5 10 15 20 25 0 5 10 15 20
t t

Fig. 16. Response of 4-DOF model with k, = k3 = 0.1 for the Northridge earthquake.
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Fig. 17. Response of 4-DOF model with k, = k3 = 1 for the Loma Prieta earthquake.
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Fig. 18. Response of 4-DOF model with k, = k3 = 0.1 for the Loma Prieta earthquake.

as the stiffness decreases, the amplitude in the horizontal
direction, x3, decreases by almost 50%. Regarding the ver-
tical direction, y;, of stiff systems for the far-field and near-
source motions of the Northridge and the Loma Prieta
earthquakes, small differences on the responses are
observed in Figs. 15-18. This behavior indicates that differ-
ences between far-field and near-source ground motions do
not affect the vertical response of stiff roofing systems.
However, as Figs. 15 and 17 demonstrate, there are signif-
icant differences in the order of 300-400% regarding the
vertical response of soft roofing systems. This behavior
clearly demonstrates that flexible roofing systems are
greatly affected from the pulses characterizing near-source
records, a fact that requires proper attention for the seismic
design of suspended roofs. Parametric studies, that are not
shown herein, indicate intermediate differences on the ver-
tical response for roofs with medium suspension stiffness.

4. Conclusions

This study presents a methodology to determine the
response of multi-suspended roofing systems for seismic
loads. It proposes a multi-DOF model that can serve as a
means to consider the main dynamic characteristics of multi-
ple suspension roofs and offer an insight on the advantages of
this popular roofing system. In addition, it can be readily
employed for preliminary design and assessment of the global
stability of multi-suspended roof systems under seismic loads.

Since flexible systems are more vulnerable to near-
source seismic motions characterized by ground response
pulses, the study focuses on a parametric evaluation and

assessment of the response of roofing systems for selected
near-source seismic records. It also examines the sufficiency
of current seismic codes, such as the Greek Aseismic Code
(EAK 2000) to design suspended roofs for near-source seis-
mic motions. The most important conclusions of this study
can be summarised as follows:

— For all cases that are examined in this study, the
response the system is stable (bounded motion), a pri-
mary advantage of multi-suspension roofs that is suc-
cessfully captured by the proposed methodology.

— The vertical stiffness of the suspension system dominates
the response of the roof, while the effect of the lateral
support stiffness is less important.

— As the suspension stiffness increases the duration of the
vertical response is elongated, while for decreasing sus-
pension stiffness, the system experiences larger ampli-
tudes in the vertical direction.

— The effect of damping is very significant for drastic
reduction of the system response.

— The Greek Aseismic Code — EAK can significantly
underestimate the response of suspension roofs.

— A comparison between the responses of flexible roofing
systems for far-field and near-source records shows that
the response of such systems is greatly affected in the
vertical direction from pulses characterizing near-source
records, while substantially smaller differences are
observed for amplitudes in the horizontal direction.

In conclusion, this study demonstrates the fact that flex-
ible roofing systems should be properly designed for sites in
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the vicinity of active faults. Further studies based on simi-
lar “pair” seismic records will enhance our understanding
regarding the differences between the response of flexible
roofing systems to far-field and near-source seismic
records.
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