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1. Introduction

The earthquake of Kobe of Japan in 1995 had great effect on structural engineering research especially on space
structures. Thereafter, a huge effort started to investigate more deeply on the seismic behavior of the space
structures. This earthquake happened in a region that there were plenty of space structures and the real behavior of
them were studied readily. The Kobe earthquake showed that although the vulnerability of the space structures is
not as high as the ordinary buildings, but they are not aseismic.

Although there are at the present considerable amount of research on the seismic behavior of the double layer
barrel vaults, the available documents on the simultaneous action of the double and triple components of the
earthquakes are rare and it is necessary to execute more research to assess the one or multi-directional earthquake
effects on these structures.

In the current research, the effects of horizontal and vertical components of some earthquakes are imposed
separately on some models of double layer barrel vaults. In the following, the simultaneous action of both the
horizontal and vertical components are considered. In all of analysis, the dynamic responses of the structures are
pursued considering the both material and geometrical nonlinearity. It is shown that the double layer barrel vaults
behave differently against horizontal and vertical components of earthquakes. In fact, the horizontal earthquakes
are more effective. However, the vertical action by itself increases the action of the horizontal component.

In this research, to assess the behavior of the double layer barrel vaults against one and two dimensional effects
of earthquakes, five models of double layer barrel vaults are selected. These models have different rise-to-spans of
0.1, 0.2, 0.3, 0.4 and 0.5; but their depths, spans and lengths are kept fixed as 1.5, 30 and 42 m respectively. All the
models were designed against dead and snow loading of 500 and 1,500 N/m? respectively. The snow loading was
considered in both symmetric and asymmetric patterns according to the sixth volume of the National Codes of
Buildings of Iran. The elements were chosen to be tubular and were designed with the LRFD method, Section 10 of
the National Codes of Buildings of Iran. The material used was mild steel with characteristic physical properties
such as, Fy=2.4E8 Pa, E=2.1e11 Pa and p = 0.3.

The slenderness of the elements was taken to be equal to 100 and its post-buckling behavior was adapted from
Ishikawa and Kato [1].

The geometrical configuration of each models was produced by FORMIAN [2] and the output was introduced
to Mechanical Desktop which its output can be used by design or analysis packages like SAP2000 and ANSY'S [3].

In this research, the design procedure was carried out using SAP2000 and Eigen value analysis, while the
nonlinear dynamic analyses were carried out using ANSY'S.

To analyze the models, element COMBIN39 in ANSY'S was selected. However, for linear analysis LINK180
element was utilized. Elements COMBIN39, is a three-dimensional longitudinal high torsion-resistant element,
which has the ability to carry post-buckling behavior along with large deflections. Element LINK180, is a three-
dimensional element which can withstand tension and compression, but lacks rotational stiffness. For introduction
of the masses of the structures, element MASS21 was adapted as lumped mass and applied in the upper chord
nodes of the barrel vaults. Each of the selected models was analyzed three times as following: once for the
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horizontal component of an earthquake; second for the vertical component of the earthquake; and finally for the
combined horizontal and vertical components of the earthquakes.

2.Selected earthquakes

For the purpose of the dynamic analyses, three strong ground motions of Nahanni of Canada 1985, Northridge
of USA 1994 and Chi-Chi of Taiwan 1999 were selected. The common characteristics of these three earthquakes
are the fact that they all have big horizontal and vertical PGA’s2.2.

3. Behavior of double layer barrel vaults under different earthquakes

One of the most important aspects of the behavior of the barrel vaults is the consideration of buckling or yield
of the members and the locations of these members in the structure. All of the models were analyzed dynamically
considering both material and geometrical nonlinearity with the three aforementioned earthquakes which led to
the generation of many results. However, for brevity, only result of the 1985 Nahanni earthquake of Canada
is discussed noting that other results are more or less similar.

The first model to be discussed is the double layer barrel vault with rise-to-span ratio of 0.1. It was seen that the
largest horizontal deflections in the joints of this barrel vault are 0.005, 0.002 and 0.006 m under horizontal
component, under vertical component and under the simultaneous action of horizontal and vertical components,
respectively. The results imply that there has been no buckling or yield in members, since there is no jump in the
joints deflections time histories of the structures.

The second model is the double layer barrel vault with rise-to-span ratio of 0.2, which its behavior was studied
under different components of the 1985 Nahanni earthquake. Results show that the maximum horizontal deflection
in the joints of the structure are 0.012, 0.002 and 0.013 m under horizontal component, under vertical component
and under horizontal and vertical components simultaneously, respectively. On the other hand, the results show
that the maximum vertical deflections in the model are 0.017, 0.014 and 0.013 m for the analyses of the
aforementioned structures. Results show that there are some jumps in the deflections time histories of the barrel
vault under the vertical component alone, and simultaneous action of horizontal and vertical components.

This means that some members of the structure have buckled and experienced post-buckling behavior.

The first member buckling for both analyses occurred in the lower section of middle region at approximately
8.42 s. After some time, more elements buckled and the number of buckled members rose increased to 8 and 12
for the structure under the vertical component, and simultaneous action of horizontal and vertical components,
respectively. This indicates that though the horizontal accellerogram could not make the structural elements
buckle; but its presence aside of vertical component had an intensifying effect and increased the buckled members
and made the barrel vault closer to total collapse.

Investigations on the first buckled member’s response reveal that it has experienced the largest deflection at
point (a) which corresponds to the jump in the deflection of the critical joint. On the other hand, these points
coincide with the buckling stress of the element for the barrel vault with rise to span ratio of 0.2 under vertical
component and simultaneous action of vertical and horizontal components of the earthquake, respectively.

The other model is a double layer barrel vault with rise-to-span ratio of 0.3. The maximum horizontal deflections
of the model under horizontal, vertical, and behavior of the first buckled member in analysis the barrel vault with
rise to span ratio of 0.2 under Nahanni earthquake horizontal and vertical components simultaneous are 0.008,
0.009 and 0.011 m, respectively. The results show the maximum vertical deflections of the structures under
similar earthquake components as 0.045, 0.019 and 0.057 m.

4. Conclusions

a) The deflections of the models when undergo simultaneous action of horizontal and vertical components of
earthquake in 73% of cases are larger than when the structures are under only horizontal component of earthquake,
and in 27% of cases are larger than deflections of the structures under the vertical components of earthquake.

b) The number of buckled members in the barrel vaults under the two component analyses, in 53% of the
analyses is more than the barrel vaults under only one component of earthquake.

¢) The buckling time of the first element does not differ significantly, in all analyses.
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