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Abstract Damage analyses of rectangular cut-and-cover tunnels are performed to define
the damage states and corresponding damage indices (DIs) under seismic loading. Single,
double, and triple box structures designed for metro subway systems in South Korea are
used. The tunnel structures are modeled by nonlinear frame elements attached to a series of
normal and shear springs to simulate the soil–tunnel interaction. Pushover analyses are
performed to develop the capacity curves and to monitor the development of plastic hinges.
Parallel elastic analyses are also performed to determine the elastic moments at which
plastic hinges form. For each tunnel and site condition, three damage states, which are
minor, moderate, and extensive, are defined in terms of number of plastic hinges that form
at the corners of the tunnel structure. Each damage state is linked to the corresponding DI,
which is defined as the ratio of the elastic moment to the yield moment and free-field shear
strain. DI for the single box tunnel is shown to be mostly independent of the shear wave
velocity of soil. The values of DIs for single, double, and triple box tunnels range from 1.0
to 2.0. It is highlighted that the proposed damage state associated with DI and shear strain
provide an enhanced estimate of the seismically induced damage of box tunnels and can be
easily utilized in a performance-based design.
Keywords Cut-and-cover tunnel  Seismic design  Damage analysis  Inelastic frame
analysis  Damage state  Damage index

& Duhee Park
dpark@hanyang.ac.kr
1

Department of Civil Engineering, Konkuk University, Seoul, Korea

2

Department of Civil and Environmental Engineering, Hanyang University, Rm 506 Jaesung Civil
Eng Bldg., Wangsimni-ro 22, Sungdong-gu, Seoul 133-791, Korea

123

Bull Earthquake Eng

1 Introduction
Underground structures are known to be less vulnerable to earthquake induced damage
compared to structures built above-ground (Dowding and Rozan 1978). However, strong
earthquakes have shown that even underground structures can suffer significant structural
damage under severe seismic excitation (Hashash et al. 2001). The tunnel damage pattern
has been identified through various case studies (Dowding and Rozan 1978; Hashash et al.
2001; Owen and Scholl 1981; Sharma and Judd 1991; Wang 1985). Nakamura et al. (1996)
presents a detailed report on the damage of Daikai station during the 1995 Kobe earthquake. Wang et al. (2001) provides an extensive analysis of damage observed in mountain
tunnels during the 1999 Chi–Chi earthquake. Wang and Zhang (2013) classify the seismic
damage of mountain tunnels, which is validated through 2008 Wenchuan earthquake.
Considering the important roles that underground structures play in modern urban areas,
accurate evaluation of the seismic performance of underground structures is critical for
ensuring sustainability.
Since underground structures are completely enclosed within the ground and cannot
vibrate freely, they conform to the ground movement. Therefore, a pseudo-static analysis,
where the free-field horizontal displacement profile calculated from a one-dimensional site
response analysis is imposed to the ground surrounding the tunnel, is most often performed
in practice. It ignores the dynamic interaction between the tunnel and the ground. Analytical pseudo-static methods for calculating tunnel response under vertically propagating
shear waves have been presented (Bobet 2003; Hashash et al. 2001; Huo et al. 2006; Park
et al. 2009; Penzien 2000; Wang 1993). Pseudo-static numerical analyses are also widely
performed in practice (Hashash et al. 2001, 2005; Wang 1993). Dynamic analyses were
also performed to simulate the dynamic underground structure–soil interaction. Several
studies compared the pseudo-static and dynamic analyses of underground structures.
Hashash et al. (2010) compared the calculated racking ratio (R) of pseudo-static and
dynamic analyses for box structures with flexibility ratio (F) ranging from less than 1 up to
12. R is defined as the ratio of the relative displacement between the top and bottom
corners of the structure to the free field relative displacement. F represents the relative
flexibility between the structure and the soil. If F \ 1, the structure is stiffer than the
surrounding soil, whereas the soil is stiffer than the structure if F [ 1. The results were
almost identical for single boxes. For double box tunnels, R calculated from dynamic
analysis were shown to be up to 25 % higher than those determined from pseudo-static
analyses. Argyroudis and Pitilakis (2012) also compared pseudo-static and dynamic
analysis results of underground structures. They concluded that the difference between the
pseudo-static and dynamic analyses is not significant, and the pseudo-static analysis provides sufficiently accurate estimate of the dynamic response tunnels.
To overcome the evident limitations of an elastic analysis, studies employing nonlinear
models for the underground structure have been carried out. A pushover analysis of Daikai
subway station during the Kobe earthquake 1995 was executed by Liu and Liu (2008)
through inelastic finite element analysis to identify the failure mechanism of the double
rectangular tunnel. The study showed that the tunnel fails due to the development of plastic
hinges in the weak center column, which led to collapse of the column and the upper slab.
Andreotti et al. (2013) performed pseudo-static analysis of horseshoe shaped tunnels using
the finite difference approach. Elastic beams with six plastic hinges represent tunnel lining
and damage states were defined based on the number of plastic hinges. Because the
numerical model pre-assigns the location of plastic hinges, it cannot accurately model the

123

Bull Earthquake Eng

propagation of the plastic hinges during seismic loading. Khani and Homami (2014)
performed pushover analyses on a one bay and two story rectangular tunnel. From the
analysis results, the capacity curve of the double-stacked box was proposed.
Previous studies deal with specific sites and tunnels. For performance-based design,
there is a need to define the failure mechanisms for different types of tunnels, a wide range
of soil profiles, and ground motion intensities based on damage analyses. In addition,
representative damage states of tunnels and associated quantitative indices need to be
characterized. Argyroudis and Pitilakis (2012) proposed four damage states for circular and
rectangular tunnels, which are minor/slight, moderate, extensive, and collapse. Each
damage state was linked to the damage index (DI), which is defined as the ratio of elastic
moment (M) to resisting design moment (Md). However, since damage analyses were not
performed, representative damage indices (M/Md) were assumed without a clear engineering rationale.
In this study, we investigate the accumulation of damage of rectangular single-story cutand-cover tunnels under seismic loading from pseudo-static inelastic frame analysis and
present a new criterion for defining the damage states. Three types of single-story box
structures, which are single, double, and triple box tunnels, were modeled. The tunnels
were modeled with a series of nonlinear beam–column elements to capture the development and evolution of plastic hinges. Each damage state defined in this study is associated
with the DI proposed by Argyroudis and Pitilakis (2012). The damage indices of single,
double, and triple tunnels for various soil conditions are compared. Representative freefield shear strains for each damage state are also presented.

2 Site conditions and tunnel sections
We modeled three types of rectangular box structures, of which the cross-sectional
dimensions are depicted in Fig. 1. Single, double, and triple boxes shown are actual cutand-cover metro tunnels designed and built in South Korea. For simplicity, tunnels were
assumed to be located within a uniform soil layer. The depth of overburden was 7 m for all
tunnels, as shown in Fig. 1. K0 of 0.5 was assumed for all profiles. Both the center-tocenter width and height were 6.0 m for each box. The thickness of ceiling slab, walls, and
bottom slab was 1.0 m. For the double and the triple boxes, the cross-sectional dimension

(a)

(b)

(c)

Fig. 1 Cross sections of cut-and-cover tunnels: a single tunnel, b double tunnel and c triple tunnel
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of the interior column was 0.4 m by 1.0 m. The cross-sectional dimensions of structural
members including reinforcement details are depicted in Fig. 2. The nominal compressive
strength of concrete (f0 c) used was 27.5 MPa, while the nominal yield strength of the
reinforcing steel (fy) assigned was 413 MPa.

3 Numerical modeling
To evaluate the capacity of the box tunnels, we performed a series of pseudo-static
analyses. Dynamic analyses were not performed because the difference between pseudostatic and dynamic analyses was shown to be not significant, as explained previously. A
continuum analysis was not used because it was demonstrated that the difference between a
frame and continuum analyses is not pronounced if the spring coefficients are selected
appropriately (Chang et al. 2014). Only the racking of the rectangular tunnel was simulated, because it is the critical mode of deformation in most cases.
Finite element models of three tunnels were developed within the capability of
SAP2000 (ver. 15), a commercial program. Each structural member of the tunnel, namely
ceiling slab, wall, bottom slab, and interior column, was modeled using frame elements
with joint-offset feature at the corner of tunnels to reflect the rigidity of the wall-slab joint
connection. We used conventional line-type elements based on the Euler–Bernoulli beam
theory using a cubic shape function for the displacement interpolation. The number of

Fig. 2 Dimensions and reinforcement details of structural members

Fig. 3 Convergence of the bending moment at location C with increase in the number of elements per
structural member
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elements was determined from mesh convergence analysis, as shown in Fig. 3. The
bending moment at top right corner (location C) of the single box is shown to converge
when 48 elements are used. We used 64 elements per structural member in all analyses.
Because Euler–Bernoulli beam elements were used, shear failure of the structural member
was not allowed. Even though a flexural failure is expected considering the slenderness of
the walls and slabs, future studies are needed to investigate the possibility of shear failure.
A plastic hinge model was used for all frame elements, not only to capture the nonlinear
behavior of the tunnel, but also to capture the propagation of plastification along the length
of the structural members. The behavior of the plastic hinge, which is located at each end
of a frame element, is dictated by the section model, namely the nonlinear moment–
curvature relation. The nonlinear section model was determined by the section analysis for
each cross section using nonlinear material models. Material behaviors of concrete and
reinforcing steel are dictated by the nonlinear stress–strain relationships as shown in Fig. 4.
The elastic moduli of concrete and reinforcing steel used were 24.8 and 200 GPa,
respectively. The moment–curvature relationships of sections A–A and D–D are presented
in Fig. 5 for an illustrative purpose.
The surrounding soil was modeled by a series of springs in the normal and the shear
directions to simulate the soil–tunnel interaction. The spring constants were determined by
the procedure specified in the Seismic design code for metropolitan subway of Korea
(MLTM 2009). According to the design code, the spring constants of horizontal (KH) and
vertical (KV) subgrade reactions are defined as
 3=4
h
KH ¼ kh0
ð1Þ
30

KV ¼ kh0

b
30

3=4
ð2Þ


1
ED , h and b are the height and the width of the tunnel, respectively, ED is
where kh0 ¼ 30
dynamic elastic modulus. The shear springs for vertical and horizontal frames, KSS and KSB
respectively, are defined as

(a)

(b)

Fig. 4 Material model: a concrete and b steel
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(a)

(b)

Fig. 5 Moment–curvature relations: a section A–A and b section D–D

1
KSS ¼ KH
4

ð3Þ

1
KSB ¼ KV
4

ð4Þ

We used the guidelines outlined in Iai (2005) to perform the pseudo-static analyses.
Figure 6 shows the boundary conditions, applied forces, and displacements. Firstly, the
geostatic forces were applied to the normal springs. Secondly, the free-field soil displacements were applied to the normal springs. The deformation at the top of the structure
was applied to the shear springs. In addition, the shear stress induced at the soil-interface
was imposed directly on the structure.
In a typical pseudo-static analysis, a one-dimensional (1D) site response analysis is
performed to determine the free-field shear strain and horizontal displacement profile. We
assumed that the shear strain is uniform within the site profile, and therefore the horizontal
displacement was applied as an inverted triangle that decreases linearly with depth.
Nonlinear static analysis procedure, also known as the pushover analysis, was performed
by continuously increasing the deformation. From the pushover analysis, the base shear–
shear deformation curve, development of plastic hinges, and the changes in the bending
moment distribution were monitored. The analyses were performed on soils of various
shear wave velocities, which were 50, 100, 200, 300, and 400 m/s.

4 Calculated tunnel response
In this section, nonlinear behaviors of three tunnels are discussed in detail. Development of
plastic hinges, collapse mechanisms, and parallel elastic analysis results are presented herein.

4.1 Capacity curves of the tunnels
The capacity curve is expressed as a force–deformation relationship, most commonly the
base shear versus top displacement in case of a structural system. It is a useful tool to
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Fig. 6 Boundary conditions and applied loads to the box

evaluate both the strength capacity and the ductility of the structure. In this study, the
capacity curve is expressed as the base force (total lateral force) versus the free field shear
strain.

4.1.1 Single box
Figure 7 shows the capacity curves of the single box tunnel for various soil properties. It is
observed that a softer soil (with a lower shear velocity) yields a larger free field shear strain
of the tunnel. It is attributed to difference in the rigid body rotation of the tunnel and
resisting support from the soil spring. A soft soil allows a larger rigid body rotation and a
larger shear deformation of the tunnel simultaneously compared to a stiffer soil.
Figure 8 shows the capacity curves and the development of plastic hinges for all soil
conditions, where red circles indicate plastic hinges. If the single box is an above-ground
structure which stands freely, plastic hinges at four different corners would form a collapse
mechanism. However, none of the single box tunnels shows the collapse behavior after
four plastic hinges are developed as shown in Fig. 8. Even though the single box tunnel is
in an unstable state from the structural point of view, the surrounding soil supports the
tunnel and prevents it from collapsing.
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Fig. 7 The capacity curves of
the single tunnel

4.1.2 Double box
Figure 9 shows the capacity curves of the double box tunnel for various soil properties.
Similarly to the case of the single box tunnel, it is observed that a softer soil (with a smaller
shear velocity) yields a larger free field shear strain. Figure 10 shows the development of
plastic hinges for the cases of Vs = 50 m/s and Vs = 400 m/s. The double box tunnel does
not collapse even after developing plastic hinges at six different corners including both
ends of the interior column. It is because the surrounding soil supports the tunnel and
prevents it from collapsing, similarly to the case of the single box tunnel. It is observed that
the plastic hinges at the interior column do not form until the plastic hinges at the four
corners of the outer frame form. The stiffness of the interior column is much smaller than
the other structural element as shown in Fig. 2 and the applied forces are mostly resisted by
strong elements, which lead to the development of plastic hinges. After plastic hinges are
formed at all four corners, the bending moments are redistributed and induce increments of
moments at the interior columns until eventually plastic hinges are formed. It is interesting
to note that the 6th plastic hinge forms immediately after the 5th plastic hinge develops. In
other words, after forming 5th plastic hinge, the box tunnel may suddenly reach an
unstable state once a plastic hinge is developed in the interior column.
A hypothetical collapse mechanism is a flexural failure of the ceiling slab after losing
the axial capacity of the interior column, as Daikai subway station collapsed during the
Kobe earthquake (Liu and Liu 2008; Parra-Montesinos et al. 2006). A number of studies
showed that the axial capacity of the reinforced concrete column is reduced once the
column loses the flexural capacity (An and Maekawa 1997; Moehle et al. 2002; Yoshimura
et al. 2004). However, such failure mechanism cannot be simulated in this study due to the
limitation of the modeling scheme adopted herein. A special element that can simulate the
reduction of the axial capacity as the element loses its flexural capacity is required to
simulate the hypothetical failure mechanism involving the collapse of the ceiling slab.

4.1.3 Triple box
Figure 11 shows the capacity curves of the triple box tunnel for various soil properties.
Similarly to the cases of the single box and double box tunnels, it is observed that a softer
soil (with a smaller shear velocity) yields a larger free field shear strain of the tunnel.
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(a)

(b)

(c)

(d)

(e)
Fig. 8 Development of plastic hinges for single tunnel: a Vs = 50 m/s, b Vs = 100 m/s, c Vs = 200 m/s,
d Vs = 300 m/s and e Vs = 400 m/s

Figure 12 shows the development of plastic hinges for the case of Vs = 50 m/s and
Vs = 400 m/s.
It is again observed that the plastic hinges at the interior columns form after hinges
develop at all four outer corners. We may conclude that the interior columns play an
important role in the collapse capacity of multiple box tunnels. As in the case of the double
box tunnel, the 5th to the 8th plastic hinges are very closely spaced, indicating that the
triple box may become unstable immediately after a plastic hinge develops in the interior
column.
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Fig. 9 The capacity curves of
the double tunnel

(a)

(b)

Fig. 10 Development of plastic hinges for double tunnel: a Vs = 50 m/s and b Vs = 400 m/s

Fig. 11 The capacity curves of
the triple tunnel
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(a)

(b)

Fig. 12 Development of plastic hinges for triple tunnel: a Vs = 50 m/s and b Vs = 400 m/s

4.1.4 Sequence of the plastic hinge formation
The sequences of the development of plastic hinges for single, double, and triple boxes are
presented in Fig. 13. It is observed that the sequences of the development of plastic hinges
are different for different soil conditions for each of the single box, double box, and triple
box cases. For the single box tunnel, the plastic hinge develops at the position A followed
by D or C. The fourth plastic hinge develops at position B. It should be noted that the

(a)

(b)

(c)
Soil conditions
Tunnel type

Vs = 50 m/s

Vs = 100 m/s

Vs = 200 m/s

Vs = 300 m/s

Vs = 400 m/s

Single box

A-D-C-B

A-D-C-B

A-C-D-B

A-C-D-B

A-C-D-B

Double box

C-A-D-B-F-E

A-C-D-B-F-E

A-C-D-B-F-E

A-C-D-B-F-E

A-C-D-B-F-E

C-A-D-B-F-H-

C-A-D-B-F-H-

A-C-D-B-H-G-

A-C-D-B-H-F-

A-C-D-B-H-F-

G-E

G-E

E-F

E-G

G-E

Triple box

Fig. 13 Locations of possible hinges and sequence of plastic hinge formation
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Fig. 14 Bending moment diagrams of single box tunnel, Vs = 50 m/s. a Elastic range, b after 1st plastic
hinge is formed, c after 2nd plastic hinge is formed, d after 3rd plastic hinge is formed

lateral load is applied from left to right. For the double and triple box tunnels, the plastic
hinge initially develops at positions A or C. As reported earlier, plastic hinges at the
interior columns do not developed until the plastic hinges at the four corners of the outer
frame are developed. The sequence of the plastic hinge formation is different due to
differences in the stiffness ratio between the structural members and supporting soil springs
for various soil conditions. Consequently, the moment distributions are different. Figures 14 and 15 show the bending moment diagrams of the single box tunnel at different
damage states for Vs = 50 m/s and Vs = 400 m/s. It is observed that the moment distributions are different for the two cases where sequences of the plastic hinge formation are
different.
It should be noted that any plastic hinge formation in the middle of the frame element is
not observed in Figs. 14 and 15, even though the computational model is capable of
simulating it. It is also observed that the plastic hinge formation does not dramatically
change the bending moment distributions. Even though the sectional moment–curvature
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Fig. 15 Bending moment diagrams of single box tunnel, Vs = 400 m/s. a Elastic range, b after 1st plastic
hinge is formed, c after 2nd plastic hinge is formed, d after 3rd plastic hinge is formed

relations show a softening behavior as shown in Fig. 5, the cross sections are ductile
enough such that the softening phase is not reached before the plastic hinges are formed at
all corners.

4.2 Comparison between elastic and inelastic analysis
An inelastic analysis makes it possible to estimate the level of damage of the structure,
which is crucial for the performance-based seismic design. However, it is seldom performed in practice to determine the seismic response of tunnels, primarily due to difficulties in performing the analysis. It would be useful if corresponding elastic moment is
determined such that the damage level can be estimated from elastic analyses. We performed parallel elastic analyses and computed the moments induced in the tunnel structure.
Figure 16 compares the nonlinear capacity curve and the elastic moment response at the
top-right corner section of the wall (C0 s in Fig. 13) of the single, double and triple boxes
for Vs = 100 m/s. Triangular markers on the nonlinear capacity curve represent the
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Fig. 16 Comparison of elastic
and inelastic behaviors at the
point C (top-right corner
section): a single box, b double
box and c triple box tunnel

C

(a)
C

(b)
C

(c)
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inelastic moments and induced shear strains at which plastic hinges develop within the
tunnel structure, whereas rectangular markers on the elastic curve represent corresponding
elastic moments. For example, 2800 kN-m is the elastic moment at the free field shear
strain at which the fourth plastic hinge forms as shown in Fig. 16a. Similarly, 5400 and
5500 kN-m are the elastic moments corresponding to the sixth and the eighth plastic hinges
of the double and triple box tunnels, respectively.
From Fig. 16, it is observed that the elastic moments at the top-right corner section of
the single, double, and triple box tunnels are approximately 34, 24 and 13 % larger than the
inelastic moments, respectively, at 0.5 % free field shear strain. We performed elastic
analyses on all tunnels and soil profiles. The results of the analyses are used to predict the
damage level, which are explained in detail in the following section.

5 Damage analysis
A damage state represents the damage condition of a facility and is associated with a limit
state of the mechanical response, often termed as DI. The damage states and corresponding
indices of above-ground structures are well defined, but they have not been clearly identified for underground structures. In this section, the damage states of cut-and-cover box
tunnels and associated DIs are presented. We propose to use the number of plastic hinges
as an indicator of damage level, since we believe that it best reflects the accumulation of
damage of a box tunnel structure. Three damage states of cut-and-cover tunnels are
classified, which are minor/slight, moderate, and extensive. The collapse damage state is
not defined because a box tunnel is not likely to collapse due to formation of plastic hinges.
DI is defined as the ratio of the elastic moment demand to the yield moment (My). In all
damage analyses, the values of DIs were recorded whenever a new plastic hinge is formed
within the structure. Figure 17 shows DIs for various soil conditions and tunnel types. The
free field shear strain is presented on a logarithmic scale for a visual efficiency. The
damage states, number of plastic hinges (NPH), and corresponding DIs defined in this
study are summarized in Table 1.
NPH associated with each damage state is identical regardless of the box type, whereas
the corresponding DIs are different. The minor/slight, moderate, and extensive damage
states initiate when the NPH exceeds one, two, and three, respectively. For the single box
tunnel, DIs are almost independent of the stiffness of the soil. The DI ranges from 1.0 to
1.2 for minor/slight damage state, and from 1.2 to 2.0 for the moderate state. The extensive
damage state initiates when DI exceeds 2.0. DI corresponding to each damage state is
shown to be similar for double and triple box tunnels. As for the single tunnel, it is
demonstrated that DI is not highly influenced by the stiffness of the soil until plastic hinges
are formed at all outer corners (NPH = 4). At higher NPH, DI is shown to vary significantly according to the soil stiffness. DIs for minor/slight and moderate damage states are
identical to those of the single box tunnel and range from 1.0 to 1.2 and from 1.2 to 2.0,
respectively.
It should be noted that in the design of reinforced concrete structures, Md is used instead
of My to account for the uncertainties in the structural capacity. Therefore, when applying
the results of this study in design, it is recommended to replace My with Md. In Table 1,
DIs proposed by Argyroudis and Pitilakis (2012) for single box tunnels are shown for
comparison purposes. The proposed indices are shown to be lower and therefore more
conservative than those by Argyroudis and Pitilakis (2012). Since the damage states and
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Fig. 17 M/My ratios at the
formation of plastic hinges:
a single box, b double box and
c triple box tunnel

(a)

(b)

(c)
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Table 1 Proposed definition of damage states, corresponding damage indices, and indices of Argyroudis
and Pitilakis (2012)
Tunnel type

Damage state

Number of plastic
hinges (NPH)

Damage index
(DI, M/My)

Damage index
(DId, M/Md)
(Argyroudis and
Pitilakis 2012)

Single box

None

0

DI \ 1.0

DId \ 1.0

Minor/slight

1 B NPH \ 2

1.0 B DI \ 1.2

1.0 \ DId B 1.5

Moderate

2 B NPH \ 3

1.2 B DI \ 2.0

1.5 \ DId B 2.5

Extensive

3 B NPH

2.0 B DI

2.5 \ DId B 3.5

None

0

DI \ 1.0

N.A.

Minor/slight

1 B NPH \ 2

1.0 B DI \ 1.2

N.A.

Moderate

2 B NPH \ 3

1.2 B DI \ 2.0

N.A.

Extensive

3 B NPH

2.0 \ DI

N.A.

Double box
Triple box

indices determined in this study are all based on detailed nonlinear inelastic analyses, we
believe that the proposed criteria are more representative than previous recommendations.
The damage states and the corresponding DIs in Table 1 will be useful in design of cutand-cover tunnels based on the performance-based design concept.
It should noted that even though representative metro tunnel sections were selected and
used in this study, tunnel sections may differ for different regions. A comprehensive study
on the effect of tunnel section on DI is warranted to evaluate its variability. The use of the
proposed DIs should be limited to box tunnels with similar dimensions and depth of
overburden to those used in this paper.

6 Conclusions
The damage analyses of cut-and-cover tunnels under seismic loading were performed.
Typical cut-and-cover tunnels of single, double, and triple box structures designed for
metro subway systems in South Korea were selected for this study. The tunnel structures
were modeled by nonlinear frame elements with series of normal and shear springs to
consider the soil–tunnel interaction. The pushover analyses with the pseudo-static analysis
procedure were applied to the tunnels to develop the capacity curves. For each tunnel, the
accumulation of damage defined in terms of plastic hinges was monitored. The following
conclusions are drawn from the results of the numerical simulations.
• The box tunnel will experience a rigid body rotation and shear deformation (racking)
when subjected to earthquake loading. The amount of the rotation and racking depends
on the stiffness of the surrounding soil. Significant rigid body rotation is shown to occur
for soft soils with Vs less than 100 m/s.
• The sequence of the development of plastic hinges depends on the stiffness ratio of the
box tunnel to the surrounding soil. For all tunnels modeled in this study, plastic hinges
formed at the inner columns after they developed at all four outer corners.
• The box tunnels do not immediately collapse even when plastic hinges form at all outer
corners of the structure, primarily due to the support from the surrounding soil.
However, double and triple box tunnels may collapse due to flexural failure when inner
column collapses.
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• The three damage states of tunnels and associated DIs are proposed. The damage state
is defined in terms of NPHs that form in the tunnel structure, because we believe that it
best represent the damage accumulated in the structure. DI is defined as the ratio of the
elastic moment demand to the yield moment of the structural members of the box
tunnel. DIs corresponding to the damage states range from 1.0 to 2.0. We recommend
to replace My with Md in using the proposed criteria in a seismic design.
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