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Seismic analysis Summary

Subway station To estimate the earthquake load in underground structures, subway
Elevator shaft designers use the relationships related to surface-mine structures such

Hashash method

- ) as retaining walls and bridges, which are considered somewhat
Wood relationship

conservative due to different behavior of surface-mine and
underground structures against earthquakes. Therefore, in this research, 9 examples of elevator shafts were
three-dimensionally modeled using ABAQUS software and analyzed by quasi-static method related to the
numerical analysis of underground structures. Then, the effectiveness of conservative relationships related to
above-ground structures was investigated by modeling, loading and analyzing samples in SAP2000 software.
The results of this research show that the behavior of the elevator shaft of the subway station during an
earthquake is like a rigid body. Moreover, the comparison of the results of modeling and analysis of the elevator
shaft in SAP2000 software shows that Wood's relationship as a suitable relationship can be used with an
average error of about 2% to predict the bending anchors and axial forces generated in the elevator shaft of the
metro station. Therefore, it is recommended to use this relationship to estimate the amount of earthquake load
in the elevator shaft of the metro station.

Introduction

In the past, seismic analysis of underground structures was given less attention by researchers due to the
empirical belief that underground structures are safer than above-ground structures against earthquakes.
However, following the Kobe earthquake in 1995 in Japan, extensive damages resulting from this earthquake
in metro stations occurred that caused to increase researchers' interest in the topic. The importance of this issue
in Iran was doubled due to the high seismicity of this country. Basically, researchers use several major methods
for seismic analysis of underground structures. In the first method, known as the experimental method,
researchers consider earthquakes occurred in the past to study the types of damages to underground structures
due to earthquakes and the factors caused these damages. Dowding and Rozen (1978) and Owen and Scholl
(1981) are among the researchers who have used this method for seismic analysis of underground structures.
In the second method, known as the laboratory method, researchers try to simulate the behavior of underground
structures against earthquake waves by using physical modeling of underground structures and the surrounding
soil on a smaller scale in the laboratory environment. Among the researchers who have used this method for
seismic analysis of underground structures, we can mention Thindisi et al. (2013), Chen et al. (2015), Zhang
et al. (2020), Liang et al. (2021), An et al. (2021), Yue et al. (2021) and Wang et al. (2022).

The next method that researchers use for seismic analysis of underground structure is the closed form elastic
solutions. In this method, based on the theory of wave propagation in homogeneous, isotropic and elastic soil
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layers, researchers provide mathematical relationships for calculating the seismic responses of
underground

structures, including bending anchor, axial force, shear force, displacement and strains generated in the
structures due

to an earthquake. Among the most famous of these relationships, we can mention the relations given by
Wang and Penzien (Hashash, et al., 2001).

Another method that researchers use fir seismic analysis of underground structures is the analytical
method. In this method, researchers provide dynamic relationships to investigate seismic responses of
underground structures. Zhang et al. (2019) and Zhang et al. (2020) are among the researchers who have
used the analytical method for seismic analysis of underground structures.

Dynamic earth pressure method is another method that researchers use for seismic analysis of
underground structures. In this method, the researchers consider the earthquake load on the structure as
a result of the weight of the soil around the structure and propose relationships to calculate the amount
of earthquake load. This method is mostly used to estimate the earthquake load on the above ground
structures such as retaining walls and bridges, but researchers conservatively use these relationships to
estimate the amount of earthquake load on underground structures as well (Hashash, et al, 2001).
Another important method that researchers use for seismic analysis of the metro station is the numerical
method. In this method, researchers investigate the seismic responses of underground structures by using
modeling and analysis of underground structures in software based on finite element and finite difference
techniques. The numerical method is divided into two separate methods, quasi-static method and
dynamic time history method, based on the way of defining and applying earthquake to the underground
structure. The basis of quasi-static method is based on Hashash's assumptions and the application of the
shear deformation expected by the earthquake to the soil-structure mass to determine the internal forces
created in the structure due to the earthquake, taking into account the interaction between the soil and
the structure (Hashash, et al., 2001). However, in the dynamic method, which is the most accurate
method of analyzing underground structures, the underground structure is placed under the dynamic
movements of the time history at the lower level of the soil-structure interaction system (Hashash, et al,
2001). Duran et al. (2012), Abate et al. (2016), Chen and Zhang (2018), Zhang and Chen (2019), Chen
and Jia (2019), Golshani and Rezabadashiani (2020), and Keykhosropour and Lemnitzer (2022) are
among the researchers who have used the numerical method for the seismic analysis of underground
structures.

In general, shafts, having significant dimensions, are deep structures that start from the surface of the
ground and continue to some depths. They enable quick access to the basement, and usually in subway
stations, they are side structures connected to the subway station with the serviceability of the elevator
shaft (vertical shaft). The serviceability of stepped shafts (inclined shafts) is represented by a rectangular
section. Usually, subway designers in our country conservatively use the dynamic earth pressure
relationships related to the above ground structures such as retaining walls and bridges to estimate the
earthquake load in the subway station and the side structures connected to it. Therefore, the purpose of
this research is to analyze the seismicity of the elevator shaft of the metro station using the Hashash's
method, and also, to investigate the feasibility of using the dynamic earth pressure relations to estimate
the amount of earthquake load on the elevator shaft of the metro station.

Methodology and Approaches

In this research, to investigate the seismic behavior of vertical shafts, 9 samples of elevator shafts were
modeled in ABAQUSV6.14-2 software and using quasi-static analysis (Hashash's method), the effect of
earthquake acceleration, shaft depth and shaft thickness on the displacement of vertical shafts were
investigated. Moreover, the behavior of the elevator shaft with respect to the surrounding soil was also
investigated against earthquakes. In order to check the feasibility of using dynamic earth pressure
relationships to estimate the earthquake load, first the earthquake load values were calculated and




with the results of Hashash's method and the dynamic earth pressure relationships, and consequently, the
most suitable relationship for estimating the earthquake load was extracted. Then, in order to check the
effectiveness of this relationship, the samples, subjected to the loading recommended by Hashash for
underground structures, were modeled in SAP2000v18.2.2 software.

Results and Conclusions

This research has been carried out with the aim of seismic analysis of the elevator shaft of the metro
station, and also, the feasibility of using the dynamic earth pressure relationships to estimate the
earthquake load on the elevator shaft. The most important results of this research are as follows:

1. As the acceleration of the earthquake increases, the displacement of the shaft increases, and this
increase of the displacement decreases with the increase of the acceleration of the earthquake due to the
reduction of the displacement correction factor caused by the increase of the acceleration of the
earthquake.

2. Increasing the depth of the shaft in constant earthquake acceleration increases the displacement of the
elevator shaft due to the reduction of the stiffness of the structure, so that for every 5-meter increase in
the height of the shaft, the displacement of the shaft increases by 54% on average.

3. The thickness of the shaft has no effect on the displacement of the elevator shaft against earthquakes.
4. The value of the flexibility ratio parameter increases with the increase in the height of the shaft due to
the increase in the displacement of the shaft, and consequently, the increase in the distortion ratio.

5. As the acceleration of the earthquake increases, the value of the flexibility ratio tends to decrease due
to the higher growth rate of the soil shear strain compared to the shaft shear strain.

6. According to the graphs of the flexibility ratio, the behavior of the elevator shaft is like a rigid object
in relation to the surrounding soil.

7. Among the dynamic earth pressure relationships, Wood's relationship that estimates the amount of
earthquake load in the retaining wall structure is quantitatively the most compatible with Hashash's
method for the estimation of the amount of earthquake load in underground structures, and it is the most
optimal dynamic pressure relationship in terms of quantity.

8. Considering that Wood's relationship underestimates the bending moments and axial forces generated
in the shaft under the loading combinations suggested by 2% on average compared to Hashash's method,
it has a good agreement with Hashash's relationship. Therefore, it is recommended to use this relationship
in estimating the amount of earthquake load on the elevator shaft.




