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1. Introduction

Worldwide, rapid population growth in major cities has resulted in increased pressure on existing
transportation systems. With underground transportation systems already in place, newly constructed tunnels
might be needed to construct in close proximity to each other to make efficient use of the underground space
(Baziar et al,, 2016; Maleki, 2001). With population growth and urbanization, opening metro tunnels is an
effective method for reducing traffic congestion in urban areas. Metro tunnels tend to be in the form of twin
tunnels and close to each other or urban infrastructures. In these conditions, the interaction between tunnels
and consequently their effects on subsurface movements, ground surface settlement, distribution of induced
stresses and properties of tunnel lining are the most important factors that must be considered in tunnel
design. Consequently, the above listed parameters have been studied by using a variety of approaches,
including in situ observation, physical model testing and numerical modeling (Peck 1969; and Ranken, 1977;
Karakus et al. 2007, Talebinejad et al. 2014; Yasitli, 2014).

Tunnels are widely used in hydropower, transportation, mining and other applications, and twin tunnels
are becoming common seen due to the rapid development worldwide. On this regard, tunnel safety is of utmost
priority in tunnel engineering, and liners are usually used. Nevertheless, gravity and tectonic stress of stratums,
tunnel excavations and liner applications lead to multiple stress and fields displacement. It is significant to
correctly predict such fields for safe tunnel constructions (Havaej et al., 2004; Sharghi et al., 2017).

Studies have been undertaken to consider the effects of twin tunnel construction on tunnel lining stress and
ground surface settlement. Peck (1969) developed a semi-empirical model to predict the surface settlement of
closely-spaced tunnels in soft clay. Physical modeling of this theory was tested by Kim, Burd, and Milligan
(1998), showing that there is an effect on the ground surface settlement. In Japan, Yamaguchi, Yamazaki, and
Kiritani (1998) reported a change in the lining stress of an existing tunnel, owing to the construction of a new
adjacent tunnel. For closely-spaced tunnel construction, ground surface settlement and lining stress have
increased influence by superimposition effects, as compared with single tunnel construction. Hefny, Chua, and
Zhao (2004) identified numerous factors affecting the critical distance between twin tunnels, primarily using
circular bored tunnels. Critical distance refers to the capacity of adjacent tunnels to accommodate change in
structural loadings, combined with the criteria for settlement above the tunnels.

The selection of the tunnel cross-sectional shape and the evaluation of the amount of settlement caused by
tunneling operations are important issues in the design and construction of single and twin metro tunnels. The
tunnel cross-sectional shape must fulfills the settlement requirement, and also provide adequate strength
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against the imposed stresses, shear strains, and displacements. On the other hand, the accuracy of the results
obtained by numerical models can be assessed using the accurate tools and this guarantees the success of large-
scale projects. Selecting the tunnel cross-sectional shape and assessing the settlement caused by tunneling
operations are important steps to design and construction of single and twin metro tunnels. Although the
tunnel cross-sectional shape not only must fulfill the settlement requirement, it also must provide adequate
strength against the imposed stresses, shear strains, and displacements. The process of tunnel design requires
proper estimation of the ground deformations. Depending on the method of boring and support, tunneling can
cause some degree of settlement at the ground level. Tunneling usually causes some horizontal and vertical
deformations in the ground, which tends to propagate toward the surface as the operation progresses.
According to studies, Isfahan’s metro system consists of five lines. The first line that to be opened in the first
phase is the North-South line starting at the Kaveh passenger terminal and ending at the Soffeh station; this
line is 12.5 km long, of which about 12 km is underground and has a total of 15 stations. Isfahan’s metro tunnels
are designed in the form of two-arch tunnels which accommodate two separate rail tracks and have a middle
diameter (D) of 7 meters and a center to center distance of at least 11 meters and at most 21 meters depending
on location. Tunnels will be built at a depth of 15 meters. The underground water level is at a depth of about 3
meters from the ground surface. The main objective of this study was to evaluate the effect of tunnel geometry
on the size of ground settlement in single and twin tunnels.

2. Methodology

This study aimed to evaluate the effect of cross-sectional geometry of single and twin tunnels on ground
surface settlement with the case study of Isfahan metro system. Given that soil consists of particles with a wide
variety of sizes, a FLAC 2D software was used for modeling the tunnels. In this regard, Isfahan metro modeling
was performed using three different geometries. Moreover, four different distances of lines were evaluated.

According to studies, Isfahan’s metro system consists of five lines. The first line that to be opened in the first
phase is the North-South line starting at the Kaveh passenger terminal and ending at the Soffeh station; this
line is 12.5 km long, of which about 12 km is underground and has a total of 15 stations. Isfahan’s metro tunnels
are designed in the form of two-arch tunnels which accommodate two separate rail tracks and have a middle
diameter (D) of 7 meters and a center to center distance of atleast 11 meters and at most 21 meters depending
on location. Tunnels will be built at a depth of 15 meters. The underground water level is at a depth of about 3
meters from the ground surface. The main objective of this study was to evaluate the effect of tunnel geometry
on the size of ground settlement in single and twin tunnels. The geometric characteristics of the metro tunnel
section of Isfahan are shown in Fig. 1.

This objective is pursued by the use of finite difference software, FLAC 2D, for modeling the tunnels. In this
investigation, the effects of center-to-center distance of adjacent tunnels and the tunnel cross-sectional shape
on the ground settlement are evaluated. In this study to achieve this purpose, first, Isfahan’s metro tunnel was
modeled and then the validity of the model was assessed by comparing the results for three points on the
Western tunnel with the results of instrumentation.

Based on sampling and laboratory studies carried out in the direction of Sofeh-Azadi, there are a number of
rocks with different materials. But the dominant genus of the rocks is shale and sandstone alternation, and is
represented by the Jess symbol. Also, the alluvial layer is about 4 meters thick on the body. Geotechnical
specifications of materials are presented in Table 1. The behavioral model used in the design is Moore-
Coulomb's behavioral model. The reason for using this model is simple and determinable physical parameters.
[tis worth noting that the Moore-Columbus model has been widely used in geotechnical engineering issues and
therefore has a good reputation.

Fig. 1. The proposed model of the Isfahan metro tunnel and the location of the desired instrument

Table 1. Geotechnical properties of soil sample of Metro tunnel in Isfahan
Material Y dry (kN/m3) Ywet (KN/m3) v E (kN/m3) C (kN/m?) )
Alluvium 17 18 0.4 5*¥1075 60 25
Jssh 26 27 0.32 2.7*¥1076 177 41
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3. Discussion and Conclusion

The settlement results obtained by the software were validated by comparing the results obtained by
instrumentation in three points on the western tunnel. According to the results of this study, the highest and
lowest amount of ground surface settlements results from horseshoe shaped cross-section and the circular,
two-arched cross-section tunnels, respectively. On the other hand, increasing the distance of twin tunnels leads
to a slight decrease in settlement (5%). Moreover, an increase in center-to-center distances over three times of
the tunnels diameter (20 meters), causes no significant changes in settlement.

In Fig. 2, the surface of the ground for two single and twin tunnels (For center-to-center distances of 10
meters) is plotted and the results are compared. As can be seen, in excavating a twin tunnel, the ground level
is more than single tunnel drilling. The maximum ground level settlement in single tunnel mode occurred right
above the tunnel and at ground level at 8.96 mm. In the drilling mode, the twin tunnel maximum seating right
in the central axis passes through the middle of the tunnel and above the ground level 9.99 mm occurred.

According to the results of this study, the peak ground surface settlements resulting from twin tunnels with
center-to-center distances of 10, 14, 20 and 25 meters were 9.893, 9.479, 9.290, and 9.268 millimeters,
respectively. These results showed that increasing in the center-to-center distance of twin tunnels can lead to
a slight decrease in settlement. For center-to-center distances of over 20 meters, an increase in this distance
showed no significant changes in the settlement.
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Fig. 2. Comparison of Ground Level settlement in Single and Twin Tunnels

4., Conclusion

The results also showed that the peak settlement resulted from a single tunnel takes place just above the
tunnel at the ground level, and the peak settlement resulted from twin tunnels takes place at the central axis
passing between the two tunnels at the ground level. The peak ground surface settlement resulted from a single
tunnel was about 9.45 millimeters and the peak settlement resulted from twin tunnels was 10.45 millimeters.
According to the results of tunnel cross-sectional shape showed that a horseshoe shape cross-section causes
the most settlement and horizontal displacement at the ground level, but circular and two-arched cross-
sections cause a slightly lower settlement and horizontal displacement. As a result, two-arch tunnel consists of
the best response and horseshoe tunnel has the worst response in terms of settlement and horizontal
displacement.
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