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PEER-NGA Record Information Reco_rded
s Motions
s :
0O Recor Horizontal Components Vertical PG Acomponent
= 4D Component ( )"
Component 1 Component2 Component 3 9
L 053 NORTHRIMULO NORTHR/MUL NORTHR/MU 05
09 279 L UP :
NORTHR/LOS00 NORTHR/LOS NORTHRI/LO
2 960 A o A 0.48
3 1602 DUZCE/BOL00O DUZCE(;BOLOQDUZC&BOL— 0.82
4+ 160 MPVALLH- IMPVALLH- IMPVALLIH- 038
DLT262 DLT352 DLT UP :
IMPVALL/H- _IMPVALL/H- IMPVALL/H-

5 1 E11140 E11230 E11 UP 0.38
6 1116 KOBE/SHIO00 KOBE/SHIO90 KOBELSH'—U 0.24
KOCAELI/DZC1 KOCAELI/DZC KOCAELI/DZ
7 1158 - o o 0.36
LANDERS/YER? LANDERS/YE LANDERS/Y
8 900 70 R360 ER UP 0.24
LANDERS/CLW- LANDERS/CL LANDERS/C
9 848 LN W-TR LW-UP 0.28
10 752 LOMAP/CAPOOO LOMAS‘]F(’)’CAPO LOMAL‘JP;CAP 053
11 767 LOMAP/G03000 LOMAS’G%OQ LOMA;,P’G—U 0.56
SUPERST/B- _ SUPERST/B- SUPERST/B-

12721 ICC000 1CC090 ICC_UP 0.36
SUPERST/B- _ SUPERST/B- SUPERST/B-

13725 " poEa70 POE360 POE_UP 0.45
CAPEMEND/RIO CAPEMEND/R CAPEMEND/

14829 270 10360 RIO_UP 0.55
CHICHI/CHY101 CHICHI/CHYL CHICHI/CHY
15 1244 e LN otup 0.44
16 68 SFERN/PEL090 SFERN/PEL180 SFERL’J\‘F’,PEL— 0.21

Table 1. Details of selected ground motions
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ol adllas sladde Slasin Y Jgd>
Model  Hi/S HJS  L(m) t(m)

1 0

2 0.15

3 0.2 0.5 30,60,90 15
4 0.25

5 0.3

Table 2. The specifications of studied models.

b e sladis IS £ b Y UK

Fig. 1. General layout of the studied models.

Flas SO clasis ¥ Jad>

Coefficient of

Modulus of . Yield Mass

. ’ thermal >
elasticity(E) POItS_SOH s stress(F, expansion(a) Density
MPa ratio(v) MPa P 10 kg/m3
2.1x10° 0.3 240 12x10 7850

Table 3. The mechanical properties of materials.
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Range of section

properties L=30,60,90m

Chord of roof Web of wall Web of roof
and wall
Section Area A(cm?) 17.72-40.06 10.18-28.27 10.178-13.948
Diameter D(cm) 6-12 6-10 6-8
Thickness t, (cm) 0.6-1.5 0.6-1 0.6
Table 4. The section properties of members.
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Fig. 3. Comparison of Capacity curves obtained from IDA and
pushover methods for model 2.
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Fig. 2. Axial load—axial displacement of member with
imperfection.
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Fig. 4. The level numbering for model 2.
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OMMP MpA  irst IDA
mode
H1/S=0,H2/S=0.5,L=30m
Base shear (kN)  2312.53 284857 2056.44 1444

Initial

stiffness(kN.m) 58400 98226.5 56035.58 62787
Error (%) 6.98 56.44 10.75 -
H1/5=0.15,H2/S=0.5,L.=30m
Base shear(kN) 967 14886 1296.79 581.9
Initial
stiffness(kN.m) 15641.9 26155.14 22027.42 13459.4
Error (%) 16.22 94.3 63.6 -
H1/5=0.2,H»/S=0.5,L.=30m
Base shear(kN) 972.76  1626.53 1242.6 740.16
Initial
stiffness(kN.m) 13463.3 27105.7 17226.2 14234.7
Error (%) 5.42 90.4 21 -
H1/5=0.25,H2/S=0.5,L.=30m
Base shear(kN) 1238.2 17723 106453 716.77
Initial
stiffness(kN.m) 18016.21 27920.9 13690.3 14059.1
Error (%) 28.14 98.59 2.62 -
H1/5=0.3,H2/S=0.5,L.=30m
Base shear(kN) 791.3 14605 947.01 610.8
Initial
stiffness(kN.m) 10409.12 23871.8 11199.8 11814.37
Error (%) 6.89 102 5.21 -

Table 5. Result comparison on the base shear and initial stiffness
of studied models.
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0 0.002 0'004Drift0'006 0.008  0.01 Figure 5. Comparison of displacement profile of model-2
(H1/S=0.15,H2/S=0.5); (a) longitudinal (b) transvers (c) vertical
() directions.

Fig. 6. Comparison of drift profile of model-2
(H1/5=0.15,H2/S=0.5);(a) Longitudinal (b) transvers directions.
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Lol
Sk sl ommp TS mpa b sl OMMP™ mode ~ MPA
T T R TV T- T T s H/S=0,H/S=05,=30m _ 8.38% 8.53% 9.00%

H1/S=0.15,H2/S=0.5,L=30m 1.75% 3.54% 6.77%
H1/S=0.2,H2/S=0.5,L.=30m 3.29% 3.80% 10.14%
H1/S=0.25,H2/S=0.5,L.=30m 4.67% 5.14% 7.57%

H1/S=0.15,H2/S=0.5,L=30m  8.32% 9.94%  12.28%
H1/S=0.2,H2/S=0.5,L.=30m  5.33% 7.63%  13.16%

H1/S=0.25,H2/S=0.5,L.=30m  8.00%  10.65%  10.55% H1/S=0.3,H2/S=0.5,L=30m 5.95% 7.02% 10.25%
H1/S=0.3,H2/S=0.5,L.=30m  9.91% 9.78%  12.74% First
. First ; Lol OMMP mode MPA
oo sl OMMP mode MPA oSS

H1/S=0,H»/S=0.5,L=30m  3.91% 7.86% 7.67%
H1/S=0.15H2/S=0.5,L.=30m 2.81% 2.27% 13.31%
H1/S=0.2,H2/S=0.5,L.=30m 6.17% 6.77% 13.64%

H1/S=0,H2/S=0.5,L.=30m 3.59% 6.78% 5.08%
H1/S=0.15,H2/S=0.5,L.=30m 7.569% 11.328% 10.949%

H1/S=0.2,H2/S=0.5,L=30m 12.46% 10.34%  25.38% H1/S=0.25,H2/S=0.5,L.=30m 5.15% 6.08% 11.44%
H1/S=0.25,H2/S=0.5,L.=30m 8.16%  10.46%  13.25% H1/S=0.3,H2/S=0.5,L=30m 5.59% 10.41% 11.06%
H1/S=0.3,H2/S=0.5,L.=30m  5.35%  12.51% 13.89% R First

Table 7. Error comparison of pushover methods in the estimation 2 S OMMP mode MPA

of drift responses. Hy/S=0,H2/5=0.5,L=30m _ 4.106% 11.719% 13.31%

H1/S=0.15,H2/S=0.5,L=30m 15.61% 14.06% 14.84%

e £ s la & WS - 3 aS das o OLE il H1/S=0.2,H2/S=0.5,L.=30m 10.41% 13.16% 16.15%
Sbes 02 ey flf ok e < & H1/S=0.25,H2/S=0.5,L.=30m 10.20% 12.87% 15.65%
5 adly G ged Salys o cu L Sy Cl"’ BRI S) H1/S=0.3,H2/S=0.5,L=30m 3.01% 6.34% 9.58%
B Table 6- Error comparison of pushover methods in the estimation
Cu Lo 390 o e sl e By GBLAS Cadw s of displacement responses.
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Abstract

Nonlinear time history analysis (NL-THA) is the most accurate method to estimate the seismic demand of
structures and predict their failure. To that end, extensive efforts have been made to develop fast and convenient
methods to carry out nonlinear static analyses. In recent years, pushover methods have been widely used as a
suitable tool to evalute the seismic performance of structures. Also, various advanced pushover procedures have
been proposed to take into account the effect of higher modes and the change in the dynamic properties of
structures in the nonlinear phase. Therefore, different pushover procedures have been further developed for this
purpose. The nonlinear static analysis has been widely employed to evaluate the nonlinear behavior of
structures. The pushover analysis was first expanded in a number of studies to investigate buildings. Not many
studies have been conducted on the seismic demand of latticed space structures. In the present work, therefore,
an optimization procedure has been employed to refine the performance of the pushover analysis in estimating
the seismic response of double-layer barrel vault roofs with vertical double-layer walls. In the method proposed
herein, the coefficients of the modal load combinations of the studied structures have been optimized using the
simplex algorithm to find the optimum load pattern. Fifteen models with various rise-to-span and height-to-span
ratios were considered to assess the accuracy of the proposed method in predicting the seismic demand of these
structures. The models were analyzed using the OpenSees software. In order to model the buckling behavior of
the members, each member was divided into two nonlinear beam-column elements with an initial imperfection
of 0.1% at its mid-node. The models were designed with the dead, snow, temperature, and earthquake loads
having been considered. All of the mentioned loads, with the exception of snow load, were applied to the
structures as concentrated nodal loads. The snow load, by contrast, was applied to the structures in two
symmetric and asymmetric patterns in accordance with the sixth volume of the Iranian national code of
buildings. For earthquake loads, the 4™ edition of the Iranian code of practice for seismic resistant design of
buildings was used. It should be noted that the seismic mass of the roof of each model was calculated by
considering the entirety of the dead load in addition to 40% of the snow load. In the design process of each
model, the dead, snow, temperature, and earthquake load combinations were formulated based on the AISC-
ASDB89 standard. The sections of the members of the structures were chosen from hollow tubular sections, with
their slenderness ratios limited to 100. Afterwards, pushover analyses were performed using the optimized load
pattern. The obtained results were compared to those of the incremental dynamic analyses (IDA) and two other
well-known pushover methods, namely the MPA and the conventional first-mode pushover analysis. The results
revealed that the proposed pushover method can provide a good estimation of the base shear and intial stiffness
of the structures when compared to dynamic analyses. In addition, an increase in the rise-to-span ratio of the
roof causes an improvement in the accuracy of the proposed pushover method. Also, in comparison with the
MPA and conventional pushover procedures, the responses produced by the proposed method are closer to those
generated by dynamic analyses. In addition, a comparison of the obtained drift patterns reveals that the results
of both the pushover and incremental dynamic analyses along the longitudinal direction of the wall are quite
close to each other. Another advantage of the proposed pushover method is that it also produces acceptable
results on the nodes on the roof of the space structure. Also, along the transverse direction, the proposed method
yields better results.

Keywords: nolinear time history analysis, seismic demand, incremental dynamic analyses, Pushover analysis,
double-layer barrel vault roof, double-layer wall.
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