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Equivalent linear time history analyses are conducted to calculate the seismic response of various types of cut-and-cover single box
tunnels. A finite-element numerical model is calibrated against the results of centrifuge tests. The calculated tunnel responses
compare favourably with the measurements. A validated model is then used to quantify the seismic response of box tunnels. The
flexibility ratio (F) is illustrated to have a governing influence on the tunnel response. It is shown that the previously developed
relationship between F and the racking ratio (R) is applicable for a wide range of F up to 20. It is also shown that an increase in F
accompanies corresponding increase in R, the spectral acceleration in the tunnel lining, and the shear stress along the tunnel
lining-soil interface. The thrust in the tunnel lining is also revealed to increase with F, although the calculated value is significantly

lower than the pressure on yielding walls. Additionally, the surface settlement is shown to increase with an increase in F.

1. Introduction

Tunnels constitute an integral part of the transportation
infrastructure in urban areas. Historically, tunnels have
experienced a lower level of damage compared with above-
ground structures during strong earthquakes. However,
recent earthquakes have demonstrated that even tunnels
are vulnerable to structural damage under severe excita-
tion [1].

The seismic response of rectangular tunnels has been a
subject of in-depth research. A wide range of studies using
centrifuge tests [2-11], shaking table tests [12-19], and
numerical simulations [7, 20-30] have been performed.
Previous studies revealed that there is a unique relation-
ship between flexibility ratio (F) and the racking ratio (R),
where F is the relative stiffness between the tunnel and the
surrounding soil and R is defined as the ratio of the dis-
placement of the tunnel and free-field soil. Wang [31] used
analytical equations to develop a correlation between F

and R for circular tunnels. A suite of linear dynamic
analyses was performed for rectangular tunnels for which
analytical solutions were not available in the guidelines of
the National Cooperative Highway Research Program
(NCHRP-611) [32]. An empirical F-R relationship that
matches the F-R curves of Wang [31] was presented. It was
reported to use the averaged strain-compatible equivalent
linear (EQL) shear modulus to determine F to account for
the soil nonlinearity.

The EQL analysis is widely used in seismic analysis of
tunnels [4, 6], but the method has not yet been validated
against recordings. In this study, a two-dimensional (2D)
plane strain finite-element analysis was performed on a
cut-and-cover tunnel using the EQL soil properties. The
numerical model was calibrated against the centrifuge
results of Gillis [9]. The effect of F on the pattern of the
deformation shapes, distribution of mobilized shear stress
along the tunnel lining, thrust in the lining, and corre-
sponding surface settlement are investigated.
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2. Numerical Model

A series of 2D dynamic analyses were performed using the
finite-element (FE) analysis program ABAQUS [33]. The 2D
plane strain computational model used in the analyses is
shown in Figure 1. The numerical model simulates the
centrifuge model test, details of which are presented in the
following section. The numerical model is 104 m and 26 m in
width and height, respectively. The tunnel is 14 m and 8 m in
width and height, respectively.

A four-node plane strain element with reduced in-
tegration (CPE4R) and a two-node beam element (B21) were
used to simulate the soil/rock and tunnel lining, respectively.
The lateral boundaries of the computational domain were
tied with a kinematic constraint to simulate the simple shear
condition using the “multipoint constraints” (MPCs) option
in ABAQUS. This technique creates periodic boundary
conditions and is used to simulate the free-field condition of
the soil deposits that extends infinitely in the horizontal
direction. The lower boundary was fixed representing a rigid
boundary. Slip and normal behaviour of the soil-structure
interface was simulated using the surface-to-node interface.
An interface slip coeflicient was defined as 0.7 tan(¢), as
used by Deng et al. [34] and Zhang et al. [35] to validate the
numerical model. Tsinidis [7] reported that simulating only
the slip and restraining the potential separation between the
soil and tunnel produces an unrealistic transmission of the
tensile stress to the soil in contact. An interface element that
allows potential normal separation between the tunnel lining
and surrounding soil was used. The size of finite element was
selected using the following equation, as recommended by
Kuhlemeyer and Lysmer [36]:

A o h (1)
10 8

where Al is the size of the element and A is the wavelength.

The nonlinearity of soil under seismic excitation plays an
important role in the seismic response of tunnels. The EQL
analyses have widely been used for the wave propagation in
soil profiles excited by seismic loading. The EQL approach
has also widely been adopted in seismic simulation of
tunnels (e.g., [6] and [37]). The nonlinear analysis was re-
ported to provide a better prediction of the seismic tunnel
response, but the EQL analysis has been reported to provide
a reasonable estimate [4, 5].

The EQL properties were determined via parallel one-
dimensional (1D) nonlinear site response analysis per-
formed using DEEPSOIL version 7.0 [38]. The non-
Masing modulus reduction and damping curves fitting
procedure, termed MRDF, was used to match the target
nonlinear curves [39]. A generalized quadratic/hyperbolic
(GQ/H) constitutive model [40] was used to apply the
shear strength correction. The small strain damping was
modelled with the Rayleigh damping formulation. The 1
and 5™ modes were used to calculate the Rayleigh
damping coefficients [41].

The process of extracting the EQL soil properties from
DEEPSOIL and application to the 2D FEM time history
analysis is shown in Figure 2. The effective shear strain
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profile (defined as 0.65 of maximum shear strain) is
calculated from DEEPSOIL, from which the corre-
sponding shear modulus and damping ratio profiles are
extracted. The extracted properties are applied to the FE
model. 2D dynamic viscoelastic analysis is then per-
formed. It should be noted that although the EQL ap-
proach has been reported to compare favourably with
measurements, the residual between the nonlinear anal-
ysis may increase with an increase in the intensity of the
ground motion. Therefore, it is recommended to use the
nonlinear analysis for severe excitations where shear
strain exceeds 0.5% [42].

3. Validation of Numerical Model

The results of the dynamic analysis were compared with
the centrifuge test performed by Gillis [9] to validate the
numerical model. Figure 3 shows the test layout, including
the locations of the accelerometers and strain gauges. The
bending moments in the centrifuge test were calculated
from the strain sensor measurements. The centrifuge
model was constructed at 1/65 scale, and the tests per-
formed were at an acceleration of 65g. Schofield [43]
scaling laws were used to convert the measured responses
from the centrifuge to the prototype scale. Medium dense
dry Nevada sand (Dso=0.14mm, C,=2.07, ey, =0.53,
emax =0.9, and G;=2.66) was pluviated in the centrifuge
container to achieve an initial relative density of
D, = 55%. The unit weight of soil was 15.3kN/m>. The
shear wave velocity was measured from the bender ele-
ment at two depths (8 m and 21.3m) in the centrifuge.
Owing to the limited recording available, the shear wave
velocity profile was constructed using the following power
law [44] such that it matches the available measurements
at depths of 8m and 21.3 m:

. 0.5
G. =G[(Im) | 2
e =G ) @)

a

where P, is the atmospheric pressure and G, is the curve
fitting parameter (G, =97348 kPa).

The properties of the tunnel structure and the esti-
mated soil shear wave velocity for the centrifuge model are
presented in Table 1 and Figure 4(a), respectively. The
acceleration-time history and 5% damped acceleration
response spectra of the input ground motion are shown in
Figure 4(b). The characteristics of input motion are
summarized in Table 2. Further details on the centrifuge
are summarized in the study of Gillis [9]. The digitally
measured data from the experiment were downloaded
from the website https://www.designsafe-ci.org (last
accessed on 09-01-2019) [45].

The numerical model to simulate the centrifuge test is
shown in Figure 1, as explained in the previous section. As
described in the previous section, 1D nonlinear analysis was
performed to extract the EQL properties. The pressure-
dependent nonlinear shear reduction curves proposed by
Darendeli [46] were used. The over-consolidation ratio was
set to 1.0, the horizontal at-rest earth pressure factor (Kj)
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FiGure 3: Centrifuge instrumentation layout indicating the accelerometers and strain gauge locations [9].

was set to 0.46, and the plasticity index (PI) was assumed as
zero (0). The number of cycles of loading (N) and the ex-
citation frequency (Hz) were defined as 10 and 1.0, re-
spectively. Selected curves are illustrated in Figure 5. The
maximum shear strain and the corresponding G/G .« and
damping ratio profiles calculated from the 1D site response

analysis are shown in Figure 6. The extracted EQL properties
are assigned to the FE model.

The computed responses from 2D FE analysis are
shown in Figures 7-10. The calculated free-field peak ground
acceleration (PGA) profiles and acceleration response
spectra are compared with centrifuge measurements in



TasLE 1: Dimensions and properties of the tunnel in the centrifuge
test [9].

Properties

Size (m) 8x14
Thickness (m) 0.57
Material 6061 aluminium
Density (kg/m?) 2700
Young’s modulus (kPa) 6.89E + 07
Poisson’s ratio 0.33

Racking stiffness (kN/m/m) 25,000 (2D frame analysis)

Figures 7(a) and 7(b), respectively. The free-field measure-
ments, as shown in Figure 3, were made at a distance of 23.3 m
from the right wall of the tunnel. The calculated responses
were also extracted at the same distance from the tunnel. The
measurements and calculations may have been influenced by
the tunnel; in which case, the soil response cannot be strictly
considered as free-field. Nonetheless, the soil responses are
termed free-field in this paper to differentiate from the tunnel
response. Comparisons demonstrate that the calculated free-
field PGA profile and response spectra from EQL analysis
match favourably with the measurements.

The measured and calculated peak accelerations at roof
slab, midwall, and floor slab are compared in Figure 8(a). The
response spectra at three locations in the tunnel are compared
in Figure 8(b). Both the computed peak accelerations and the
response spectra fit favourably with the centrifuge mea-
surements, indicating that the numerical model is reliable.
Comparison of calculated and measured increments of
bending moment show that the fits are agreeable except at the
top and bottom of the walls, as shown in Figure 9. It is because
the wall-roof and wall-floor slab connections were modelled
as rigid in the numerical model, whereas they were not
perfectly rigid in the centrifuge model. Therefore, the nu-
merical analysis produced higher bending moments.

The free-field and tunnel peak accelerations are com-
pared in Figure 10(a). The ratio of the tunnel and free-field
response spectra (RRS) is illustrated in Figure 10(b). It is
shown that the tunnel produces higher accelerations com-
pared with the free-field soil. The calculated value of F was
2.1 by using the following equation [31]:

F= G_m K’ (3)
K H
where G, is average strain-dependent shear modulus of the
free-field ground along the height of the tunnel, K is the
racking stiffness of the tunnel, and H and W are the height
and width of the tunnel, respectively. K is defined as the
reciprocal of lateral displacement caused by a unit con-
centrated force applied at the top of the tunnel and calcu-
lated from a frame analysis. In the frame model, the base is
restrained against the translation degree of freedom and the
joint rotation is allowed.

Because F> 1 indicates that the stiffness of the tunnel is
lower than that of the surrounding soil, the tunnel response
is larger relative to the free-field. The measurements
highlight the importance of F on the seismic response of
tunnels.
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4. Parametric Study

The calibrated numerical model was used to investigate the
effect of F on the tunnel response. The soil profile in the
model was identical to that used in the centrifuge test. The
EQL properties were again extracted from 1D nonlinear
analyses performed using DEEPSOIL. The racking stiffness
was calculated via a frame analysis. To investigate the effect
of F, the axial (EA) and flexural rigidity of the tunnel were
adjusted to achieve F<1 (stiff tunnel) and F>1 (flexible
tunnel). The selected structural properties and racking
stiffness for stiff and flexible tunnels are presented in Table 3.
Two additional ground motions with long and short pre-
dominant periods were used, as shown in Table 4. The
acceleration-time histories and response spectra are shown
in Figure 11.

5. Results and Discussions

The raking deformation of the tunnel (A,,,.) and the free-
field displacement were extracted to compute R using the
following equation:

maximum | A

R i tunnell , (4)
maleum|Afree—ﬁeld |

where A, is calculated as the relative horizontal dis-
placement between the tunnel top and bottom and
Afree_fiela Tepresents the relative free-field displacement at
corresponding depths. The calculated values of F and R are
compared with the F-R curve presented in NCHRP-611
[47] in Figure 12. The measured responses from the cen-
trifuge test performed by Gillis [9] are also shown. The
calculated F-R values fit very well with both NCHRP-611
[32] curve and Gillis [9] data points. It is shown that Fhas a
pronounced influence on R, as observed in the centrifuge
test. R is significantly lower for F < 1 tunnels than for F> 1
tunnels.

Figure 13 plots the ratio of acceleration response spectra
(RRS) at the soil surface above the tunnel (location B) to the
free-field surface (location A). For the stiff tunnel (F< 1.0),
the calculated response above the tunnel is shown to be
similar to the free-field soil. For the baseline and flexible
tunnels, however, the spectral accelerations above the tun-
nels are 20-40% lower than the free-field soil at short periods
up to 0.5s. At longer periods up to 2.0s, the stiff tunnel and
baseline tunnel responses are similar to the free-field soil,
whereas the flexible tunnel results in 10-20% amplification
of the spectral acceleration. It is therefore highlighted that
above-ground structures overlying underground structures
should account for the influence of the underground
structure on the propagated ground motion. However, the
results presented here should only be used as a qualitative
assessment and a site-specific evaluation should be per-
formed to quantify the influence of the tunnel on the
structure above it.

The dynamic thrust, which is calculated by integrating
the seismically induced normal pressure along the tunnel
wall at each time step, is an important parameter in the



Advances in Civil Engineering

12 \

Depth (m)

16 A

\

1
\
1

\

20 A

\
4
\
24 | '\

\

0 100 200 300 400
V, (m/s)

—— Bender element
measurements
, profile for

simulation

(a)

0.2

C

= 0.1

S

04
3

S 0.1 4
<
-0.2 . .
0 20 40 60

. Time (s)
04

o

S

£ 0.3

5

T 0.2 -

3

= 0.1 4

-

3

2 0 , .
L2 0.01 0.1 1 10

Period (s)

(b)

FIGURE 4: (a) Measured shear wave velocity profile [9]. (b) Input motion acceleration-time history and response spectra at the base of the

centrifuge container.

TaBLE 2: Characteristics of input motion [9].
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FiGure 5: Calibrated nonlinear soil properties, (a) shear stress versus strain, (b) modulus reduction versus strains, and (c) damping versus

seismic design of underground structures. In this the
study, the maximum dynamic thrust is extracted and
plotted against the free-field surface PGA in Figure 14. The
effect of flexural rigidity on the dynamic thrust is con-
siderable, showing 28% increase in the thrust for the
flexible tunnel (F>1) compared with the stiff tunnel
(F=0.1). The stiffer tunnel structure is shown to cause
higher pressure even though R is lower. A nonlinear

increase in the dynamic increment of thrust with PGA is
observed.

The calculated thrusts were also compared with the
simplified analytical solutions for yielding walls, which were
obtained via the Mononobe-Okabe method (Okabe [48];
Mononobe [49]) and the Seed and Whitman [50] procedure.
It is demonstrated that Mononobe-Okabe and Seed and
Whitman [50] methods developed for yielding walls are too
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Ficure 7: Comparison of the measured and calculated free-field responses. (a) PGA profile. (b) Acceleration response spectra at various

depths.

conservative. This is because (1) the earth pressure equation
for yielding walls does not account for F and (2) the re-
duction in the peak acceleration with depth is not simulated.
A comparison with the equation of Wood [51] widely used
for embedded box structures is not presented because this
equation will result in even higher thrust. Based on the
forgoing results, it is highlighted that the earth pressure

developed for yielding walls or a rigid box are too conser-
vative to be used in the seismic design of underground
tunnels.

Figure 15 plots the time histories of acceleration and
shear strain calculated at the middepth of the tunnel along
with the dynamic thrust for the stiff tunnel. The timing of the
maximum dynamic thrust is shown to be close to those of
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TaBLE 3: Study matrix representing the properties of tunnel structure used in this study.

Structure Thickness (m) Young’s modulus (kPa) Racking stiffness (kN/m/m) Remarks
Stiff 1.5 3.93E+07 233,395

Baseline 0.8 2.5E+07 25,842 Centrifuge
Flexible 0.4 2.35E+07 3,263

TaBLE 4: Characteristics of earthquake ground motion used in the study.

Earthquake name Year Station name PGA (g) I, (m/s) Ds_o5 (s) Tp (s)
Nahanni 1985 Site 3 0.17 0.2 6 0.06
Chi-Chi 1999 CHY-047 0.18 1.1 34.9 0.54
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PGA and maximum shear strain, except for the Nahanni
motion. It was reported that the underground structure
response is highly dependent on the ground deformation,
and therefore, the peak ground velocity (PGV) or shear
strain is an ideal index to estimate the performance of
tunnels [52]. Figure 16 plots the ratio of the bending mo-
ment, thrust, and shear stress extracted at maximum dy-
namic thrust to the calculated response determined at
maximum shear strain. Except for the bending moment, the
ratios are very close to unity. It is therefore demonstrated

that the response can be either extracted at the time step of
maximum thrust or shear strain. In the following section, the
responses were extracted at the timing of the maximum
dynamic thrust, as has widely been used in previous studies
[9, 53, 54].

Figure 17 shows a comparison of the maximum ab-
solute surface soil settlement envelope. Figure 18 shows
the deformed tunnel shape (magnified 50 times) plotted
at the time step of maximum dynamic thrust. F is shown
to influence both the surface settlement distribution and
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the peak settlement. It is interesting that slight heaving
patterns at the surface are observed in rigid tunnels
(F< 1), whereas flexible tunnels (F > 1) exhibited settle-
ment at the center of the roof slab. The surface settlement
was closely related to the tunnel deformation shape. For
stiff tunnels, convex deformation in the floor slab was
observed, whereas the roof slab shape was not greatly
altered. This is likely to have caused the tunnel to move

upward, resulting in heaving at the surface. For flexible
tunnels (F > 1), both the floor and roof slabs underwent
convex bending, causing heaving at the floor and set-
tlement at the roof. For highly flexible tunnels, the set-
tlement can exceed 40 mm. It should be noted that the
calculated settlement is likely to be influenced by the
constitutive model. Although the EQL approach has been
shown to provide reliable estimates of the shear
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Figure 15: Comparison of free-field acceleration at tunnel middepth, shear strain, and dynamic increment of thrust in stiff soil-tunnel
configuration for (a) Loma Prieta, (b) Nahanni, and (c) Chi-Chi motions.
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deformation, the accuracy of the settlement prediction
has not yet been validated. Further studies are warranted
to investigate the sensitivity of the constitutive model on
the predicted settlement and whether the EQL analysis
can be used to estimate the settlement. Therefore, the
surface deformation calculations should only be used as a
qualitative evaluation.

The peak shear stress around the tunnel lining is shown
in Figure 19. As expected, flexible tunnels induced higher
stress than the stiff tunnels. The maximum shear stresses
developed at the corners of the tunnel perimeter. Sharp
increments in the shear stresses were observed for the
flexible tunnel subjected to Loma Prieta and Nahanni
motions.
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Ficure 18: Continued.
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FIGURE 18: (a) Undeformed shape. Deformed shapes (scale factor = 50 magnification) plotted at time step of maximum thrust for (b) Loma
Prieta, (c) Nahanni, and (d) Chi-Chi motions.
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FIGURE 19: Shear stress distribution (a) at soil elements adjacent to tunnel at time of maximum thrust for (b) Loma Prieta, (¢) Nahanni, and
(d) Chi-Chi motions.

6. Conclusions (5) Increase in F causes a corresponding increase in the
shear stress around the tunnel lining. Additionally,
A series of EQL dynamic analyses were performed to sharp peaks of shear stress can also develop at the

evaluate the seismic response of cut-and-cover rectangular
tunnels. The numerical model was validated against the

corners for flexible tunnels.

measurements from the centrifuge experiment. The com-  Notations
parisons showed that both the measured free-field and
tunnel acceleration response spectra fit favourably with  F: Flexibility ratio

numerical simulation. A series of numerical analyses were R Racl.dng rati'o
performed to investigate the influence of F on the tunnel ~ EQL: Equ}valent linear ) '
response. The conclusions derived from this study are the =~ NCHRP: National Cooperative Highway Research
following: Program
] ) 2D: Two dimensional
(1) F of the‘ tunnel has pronounced influence on its  Cpg4R. Four-node plane strain element with reduced
acceleration. integration
(2) F of the tunnel is positively correlated to R. The  B2l: Two-node beam element
available NCHRP-611 F-R curve is demonstrated to ~ MPCs:  Multipoint constraints
be reliable for estimating tunnel deformation when @ Friction angle of soil
average free-field effective strain-compatible shear ~ 1D: One dimensional
modulus (G,,) computed from 1D site response Ko: Horizontal at-rest earth pressure factor
analysis is used to calculate F. PI: Plasticity index
: Excitati f
(3) None of the simplified earth pressure solutions for JIC—Iz- ercrl,[; ton treqtiency
yielding walls or embedded box structure was shown . . . .
. . . e MRDEF:  Modulus reduction and damping curve fitting
to provide reliable estimate of the dynamic in- d
. procedure
crement of thrust regardless of peak acceleration . L .
. L: Arias intensity
level and F. It is therefore recommended not to use . .
e . Ds_o5 Significant duration
the earth pressure equation in the design of un- . .
4 gt . Tp: Predominant period
erground tunnets. G/Gax: Normalized shear modulus
(4) F of the tunnel significantly influences the tunnel D5y Particle diameter at 50% in the cumulative
deformation pattern as well as surface settlement distribution
distribution. Stiff tunnels may experience heaving ~ C: Uniformity coeflicient
at the surface because of the convex bending of the Cmin Minimum void ratio
floor slab, whereas the roof slab undergoes limited €max Maximum void ratio
deformation. Flexible tunnels are shown to  Gg Specific gravity of soil
produce convex bending in both the floor and D Relative density of soil
roof slabs. A significant level of surface settlement  G,: Reference shear modulus of soil
may occur at the surface for highly flexible box G Small strain shear modulus of soil
tunnels. P,: Atmospheric pressure
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Om? Mean confining stress

Vg Soil shear wave velocity

Al: Numerical mesh size

A Wavelength of input ground motion
Awnne:  Tunnel racking displacement

Afree_fialg: Free-field racking displacement

PGA: Peak ground acceleration

RRS: Ratio of response spectra

G Strain-dependent shear modulus
K: Racking stiffness of the tunnel
H: Height of the tunnel

W: Width of the tunnel

Ymax: Maximum free-field shear strain.
Data Availability

The measured data of Gillis [9] centrifuge was used to
validate the numerical model and can be downloaded from
the Design Safe website https://www.designsafe-ci.org (last
accessed on 09-01-2019) [45]. The digital data of input
ground motions used for parametric study can also be
downloaded from NGA-WEST2 website https://ngawest2.
berkeley.edu (last accessed on 09-01-2019).
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