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ABSTRACT: For the Mexico City New International Airport, six tunnel structures are being
designed for utilities, public road and ground service equipment. They have a total length of 8 km.
The design of these tunnels has been challenging given the very soft soil conditions, heavy airplane
and seismic loads. The Mexican Valley is well known for the particular soils and severe damages
caused to infrastructure during earthquakes. This paper provides an overview of soil conditions,
seismic setting, response analysis considering surface waves and adopted seismic-resistant design
philosophy implementing soil-structure interaction models and application on structural joints.

1 Introduction
The new airport will replace Benito Juárez
International Airport, which is at full capacity.
The New Mexico City International Airport will
have three runways to start with and will be
expendable to up to six runways. With three
runways in simultaneous use the airport will be
able to serve up to 50,000,000 passengers per
year. The site for the new airport is located to
the east of Mexico City. It is positioned within
an area that was formally covered by Lake
Texcoco. The lake has now dried up but the
resulting ground and groundwater conditions are
challenging.

TASANA had been engaged by GACM
(Grupo Aeroportuario de la Ciudad de México)
as Master Civil Engineer and is responsible for
the design of the airside of NAICM. The scope
includes runways, taxiways, aprons, visual aids,
power and water supply. The TASANA Joint
Venture exists of three entities: TADCO,
SACMAG and NACO. The seismic studies and
design of the tunnels is lead by TEC (Tunnel
Engineering Consultants) which is appointed as
sub-consultant for the TASANA Joint Venture.

Figure 2. Artist impression of the airport
Figure 1. Artist impression of the terminal building
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1.1 Overview of the tunnels

At the airport a total of 6 tunnels will be
constructed which all will pass taxiways. The
tunnels can be subdivided into the following
types:
• Two Ground Service Equipment (GSE)
tunnels with a length of 1,300 m. The GSE
tunnels will be used by airport busses,
catering trucks and tow-vehicles. The tunnels
are alternating with open and closed sections.
The closed sections are 85 m, 186 m and
233 m in length. The tunnels consist of two
tubes, with two traffic lanes per tube and a
central gallery.
• Two airport utility tunnels parallel to the GSE
tunnels. Utilities such as cold water, hot
water, potable water, power and sewage go
through the single tube tunnels. The length
amounts 1,500 m and is closed over the
entire length.
• A public road tunnel used by supply trucks,
passenger cars and busses carrying
employees to the support area. The total
length of the tunnel is 550 m and includes
two closed sections of 60 m. The tunnel
consists out of 2 tubes with two lanes each.
• A GSE tunnel to connect the Maintenance
Area with the Airport Support and Cargo
Area. The length is 675 m including two 60
m closed sections. The tunnel consists of 2
tubes, with a single traffic lane each.

Figure 3. Closed section of GSE-tunnel (at
crossing)

taxiway

Figure 4. Open section of GSE-tunnel

In longitudinal direction segment joints are
located at regular intervals. At those joints
movements in the longitudinal direction
(elongation) and rotations are free to occur.
Shear displacements are restrained by shear
keys in the walls (vertical direction) and in the
floor (horizontal direction). As large
deformations are expected the use of omega
profiles is required to guarantee water tightness
at the joints.

1.2 Layout of the tunnels
By deep ground water extraction the settlements
amount 150 mm per year. To limit differential
settlements between a tunnel section and the
surrounding soil the weight of the tunnels is
100% balanced with the excavated soil.
Therefore, the concrete dimensions are larger
than structurally required. For the open sections,
where the tunnel roof and permanent load on
top of the roof is missing the weight is
compensated with an excessive thick floor (of
which the thickness changes along ramps).
To further limit potential differential
settlements at the crossings with the taxiways a
transition zone next to the tunnels is developed
(which is one of multiple mitigation measures).
The tunnels will be built in a building pit
with sheet piles from which the area between
the sheet piles and the soil will be filled with
tezontle. The cross-section of the GSE-tunnel is
graphically presented in figures 3 and 4.

Figure 5. Longitudinal section of GSE-tunnel
consisting out of ramps, two taxiway crossings and an
intermediate open section

1.3 Analyses procedure
To analyse the structural response due to
seismic loads a structural model is developed in
which the soil/structure-interaction and seismic
loads are included.
In chapter 2 the soil conditions are described
and is outlined how the soil/structure-interaction
is taken into account in the structural model.
In chapter 3 the seismic conditions are
outlined. Step by step is described how seismic
data is processed and eventually transformed to
data which can be taken as input for the
structural analyses.
2

Proceedings of the World Tunnel Congress 2017 – Surface challenges – Underground solutions.
Bergen, Norway.
In chapter 4 the structural model, its results and
(2011). The Vs were calculated for each
the design choices are dealt with.
geotechnical unit. Mean values were
implemented in the GRA, excepting for SBL.
The SBL was interpreted as the mean +1
2 Geotechnical
standard deviation for conservative purposes to
prescribe higher impedance.
2.1 Soil conditions

Table 1.Main geotechnical parameters (after TASANA,
2015b); SU4C=SBL.

The new international airport will be located at
the northeastern side of Mexico City, at the
former Texcoco Lake. The main geotechnical
parameters from the soil layers are listed in
table 1. The soil profile consists of a desiccated
crust (SU1A) of medium stiff to stiff highly
plastic clay at the top, near 1 m thick. Below is a
very soft to soft highly plastic upper clay
(SU1B) of 23 m in average, followed by near
2.4 m of a very dense sandy silt (SU2).
Underneath is the intermediate firm highly
plastic clay (SU3) of around 10 m thickness.
This clay is interbedded with thin layers of
loose to dense silty sand and very dense
volcanic glass. Below SU3, is a very dense silty
sand/sandy silt (SU4), considered as
engineering bedrock or seismic base layer
(SBL) for the seismic models. The soil layers
are dipping and thickening southwards. From
East to West the soil layers are sub-horizontal.

Soil
unit

Mean
thickness

Mean
depth
top
unit

Mean
Vs

Saturated
unit
weigth

SU1A
SU1BA
SU1BB
SU1BC
SU2
SU3
SU4A
SU4B
SU4C

[m]
0.9
9.4
8.7
5.2
2.4
10.4
9.3
11.4
n.a.

[m]
0.0
0.9
10.3
19.0
24.2
26.7
37.1
46.4
57.9

[m/s]
n.a.
50
60
78
115
133
205
185
472

[kN/m2]
n.a.
11.9
12.4
12.5
18.0
13.0
18.0
18.0
18.0

Plasticity
index
(PI) ±1
standard
deviation
[%]
n.a.
200±63
185±36
157±71
25
131±66
54±36
90±49
n.a.

2.2 Soil/structure-interaction
The soil/structure-interaction is determined
in the three independent directions and
schematized with a bi-linear relation (see
figure 6). The bi-linear relation is characterized
by a stiffness and a capacity. The capacity is
limiting the maximum force which the soil can
execute on the structure.
For the stiffness’s and capacities a variation
with a factor 4 is implemented. This means that
the values which will be used in the final
calculations will be divided by a factor 2 to get
the ‘lower boundary’ and be multiplied with a
factor 2 to get an ‘upper boundary’. However, if
directly calculated lower and upper boundaries
are governing these values are used.

There is plenty geotechnical ground investigation
from the NAICM, but that is out of the scope of this
publication. Hereby are summarized only the main
parameters necessary for the seismic models, after
TASANA (2015 a,b); IIUNAM (2014); Ovando and
Romo (1990). The complete soil column above

the SBL has a mean shear wave velocity (Vs) of
107 m/s. The SBL is a subunit from SU4 at near
60 m depth. The mean Vs of from SBL is
approximately 500 m/s. The soil interpretation
(1D or 2D) were extracted from a 3D spatial
geomodel built in Rockworks for the NAICM
site (TASANA, 2015a).
The shear wave velocity (Vs) was measured
with direct and indirect methods: 7 PS-L
logging, 1 seismic dilatometer test and 11 H/V
ambient vibration tests, with depths from 40 to
99 m (II-UNAM, 2014; Ovando and Romo,
1990). In order to have a wider and deeper
coverage throughout the site, an empirical
correlation was developed to predict Vs based
on CPT cone tip resistance (qc), sleeve friction
(fs), soil behavior type index (Ic), effective
stress (σ’v), depth (z), and in situ void ratio (e0)
(TASANA, 2015b). This relation is based on the
works from Mayoral et al. (2008); Mayne and
Rix (1995); Romo and Gonzalez-Blandon

Figure 6. Soil/structure-interaction
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2.2.1 Transverse direction
situation.
The belonging settlements are
In vertical direction equation 1 is used to
calculated with D-settlement, see figure 8.
determine the stiffness. The passive resistance P
Upward movements of the tunnel will result
is calculated for the drained and undrained
in a less stiff behavior, but, as high capacity and
situation. For the undrained situation the passive
high stiffness are governing the overall seismic
resistance is calculated with effective strength
design, this is not taken into account.
parameters (but with an excess pore pressure)
and with cu (undrained shear strength).
P
u
where :

kt =

k t = Stiffnes in transverse direction

(1)

P = Maximum allowable horizontal load
u = Horizontal displacement

The passive resistance P is calculated with DSheet in which a vertical sheet pile is pushed
through the soil in horizontal direction by
applying a force and calculating the
displacements, see figure 7.

Figure 8. Results of D-Settlement

P
u
where :

kv =

k v = Stiffness in vertical direction

(2)

P = Maximum bearing capacity of the tunnel
u = Vertical displacement

In the seismic analyses the undrained results
are incorporated.
Just as in the transverse direction the stiffness
is multiplied with a factor 1.5 to get the
dynamic stiffness.

Figure 7. Screenshot of D-Sheet calculation

As an earthquake is a very short load, the soil
behaviour is considered to be undrained. For the
structural calculations it is proposed to apply the
undrained behavior with f’-c’ and cu as lower
and upper boundary analyses. The calculated
stiffness and capacity are applicable for static
situations. The dynamic values are found by
multiplying the static stiffness with a factor of
1.5 (not changing the capacity).

Table 3. Vertical soil/structure-interaction
Behaviour
Drained
Undrained

Bearing
capacity
[kN/m2]
2450
128

u

kh,st.

kh,seism.

[m]
n.a.
0.026

[kN/m2/m]
n.a.
4,900

[kN/m2/m]
n.a.
7,350

2.2.3 Longitudinal direction
In longitudinal direction also a bi-linear
Table 2. Transverse soil/structure-interaction
interaction is derived. The maximum mobilized
Behaviour
P
u
kt,st.
kt,seism.
shear resistance, or capacity, is calculated for
[kN/m2]
[m]
[kN/m2/m] [kN/m2/m] the drained and undrained situation at the
Drained
240
0.390
620
925
tunnel-tezontle interface and at the tezontle-clay
Undrained f’-c’
110
0.108
1010
1520
interface (see figure 9).
Undrained cu
145
0.164
880
1320
The maximum drained shear resistance is
taken as the average values of the shear
2.2.2 Vertical direction
resistance at the walls and under the floor. The
The vertical bearing capacity of the soil is
friction ratio for the upper boundary is taken as
calculated with the ´shallow foundations´
t=s’perp × tan(j) and the lower boundary as
calculation procedure as mentioned in
t=s’perp × tan(1/3×j). For the undrained shear
Eurocode 7 for the drained and undrained
resistance the upper boundary is taken as the
4
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undrained shear strength of the clay layer, the
these are local. Intermediate events have focal
lower boundary is assumed as cu = 0.22×s’perp..
depths between 30 and 120 km and their
estimated maximum magnitude is 8.1.
For the tunnels design, the Mexican
Infrastructural design code MDOC-CFE-08
(CFE, 2008) will be implemented, after
recommendation
from II-UNAM. The structural
Target spectrum CFE-08 (black lines) and International
importance A is assigned.
norms (colour lines)
550
500
450

Figure 9. Shear interfaces
soil/structure interaction

for
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a
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The ‘quake’ required to mobilize the shear
resistance is estimated at 2 mm. From this
displacement and the capacity the stiffness is
calculated. As the 2 mm displacement is a more
or less arbitrary value no dynamic factor is
introduced.
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Figure 10. Target spectrum for reference site: black
lines from CFE-08 for collapse limit state; colour lines
from international codes after II-UNAM (2014)
(pseudoaccelerations, 5% critical damping, in cm/s2)
(after TASANAb).

P
kl,seism.
[kN/m2] [kN/m2/m]
Tunnel-tezontle Drained
32.7
16,350
clay-tezontle
Drained
22.0
11,000
clay-tezontle
Undrained cu
15.0
7,500
*
Average value along perimeter of the cross-section

Behaviour

3.2 Ground response analysis (GRA)
The site-specific GRA followed ASCE 7 (2010)
using a minimum of five recorded horizontal
ground motion time histories, scaled and
matched to each target spectrum, from events
having magnitudes, fault distance and source
mechanisms consistent with those that control
the hazard.
The GRA was executed with 1-D equivalentlinear (E-L) method with STRATA (Kotke et
al., 2013). In principle, within this simple
method the possible occurrence of surface
waves due to the basin effect is not
incorporated. A comparison for verification was
made with the nonlinear software Deepsoil
(V.6.1). A regular grid throughout the site with
400 m spacing and a total of 329 points was
used to quantify the GRA for various seismic
scenarios towards the design of several
structures at two levels: ground surface and
10 m depth. At each point, the soil model was
extracted from the 3-D geomodel and 1-D
models were automatically generated for their
GRA.
For the tunnels design, the main outputs from
the GRA are: shear strains (figure 11), lateral
displacements (figure 12) and characteristics
from possible surface waves (section 3.3).

The upper bound strength of the interface
which first starts sliding (clay-tezontle interface)
is incorporated in the seismic analyses.
3

475 yr.

200

Table 4. Longitudinal soil/structure-interaction
Interface

125 yr.

Seismic starting points

The seismic design parameters were retrieved
from the site-specific ground response analysis
(GRA) executed for the project (TASANA,
2015b).
3.1 Seismic hazard
The seismic hazard of the site was provided by
II-UNAM (2014) for various return periods (Tr,
Figure 10), as base to determine the starting
points for the site-specific GRA. The sources
governing the seismic hazard are two:
subduction earthquakes and intermediate depth,
cortical events. The subduction earthquakes
occur along the plates boundary in the Pacific
coast, more than 280 km from Mexico City and
more than 300 km from the NAICM site.
Magnitudes from this source can reach up to 8.4
(II-UNAM, 2014). The intermediate events are
product from the subduction process as well, but
5
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shear waves, being largest near the surface and
decreasing exponentially in depth (Kulhanek,
1990). Sigarán-Loría and Slob (2017) describe
the basin effect for the NAICM site, being
mostly relevant on the long periods (T>2 s
approximately). Knowing the shear waves at a
key site with coordinates (499727,2156600), the
Rayleigh wave velocities and shear and
Rayleigh wavelengths were determined. The
Rayleigh wavelenghts are illustrated in function
of period in figure 14.

Figure 13. Love wave (left) and rayleigh wave (right)
Above seismic base layer
1200

Figure 11. Shear strains at 10 m depth for scenario
CFE-08 Group A (after TASANAc).
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Figure 14. Rayleigh waves wavelength for soil column
above SBL (after TASANAb).

The actual response characteristic of the
tunnel to either Love or Rayleigh waves
depends on the propagation direction of the
waves relative to the tunnel longitudinal axis
(angle of incidence). Three types of response
modes are distinguished: vertical or horizontal
snaking and worming modes. Both Rayleigh
and Love waves can contribute to the horizontal
snaking mode and the worming mode
depending of the angle of incidence. The
vertical snaking mode is solely an effect of
Rayleigh waves.
Input of the surface waves for longitudinal
tunnel design is formed by displacement
amplitudes and dominant wavelengths of the
different wave types (TASANA, 2015c).
TASANA (2015c) set the displacements
amplitudes for the surface waves as:
• Design values for horizontal displacement
amplitudes of Love waves are determined
from 1D site response analysis (for earthquake
hazard scenario Group A).

Figure 12. Lateral displacements at 10 m depth for
scenario CFE-08 Group A (after TASANAc)

3.3 Surface waves
The Mexican Valley is a wide sedimentary
basin. It is well known that basin effects can
play a role in the seismic ground response
throughout the Mexican Valley. The main
hazard for this kind of effect comes from the
subduction (far) earthquakes that can develop
long-period pulses. Surface waves (Figure 13)
can be generated either by basin-edge effect
(e.g. Kawase and Aki, 1989) and/or path effects
(e.g. Chávez-García, 2007). These have larger
amplitudes and lower frequencies than normal
6
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Table 5. Design criteria for ULS and DLS earthquake
• Based on actual recorded coda at the project
site a typical ratio between maximum
ULS
DLS
horizontal
and
maximum
vertical
- The strains (compression
- ULS fundamental
displacement amplitudes is derived. This ratio
and tension) in the concrete capacity considered
tunnel elements shall not
- Reinforcement shall not
is set to 4 for design purposes.
exceed 0.3%
exceed the yield stress
• The vertical component is assigned solely to
- Shear capacity of tunnel
- Shear capacity of
Rayleigh waves. Therefore the design value of
segments according to
concrete tunnel elements
vertical displacement amplitude of the
static capacity
according to static capacity
Rayleigh waves can be calculated based on
- Failure of shear keys in
- ULS fundamental
the H/V ratio and the output from 1D site
segment joints accepted
capacity considered for
response analysis.
shear keys
• The horizontal displacement amplitude /
- Reinforcement in shear
vertical displacement amplitude ratio of
keys shall not exceed the
Rayleigh waves is approximately 1.0 near
yield stress
surface. Hence the design value of horizontal
- Failure of rubber pads
- Failure or rubber pads
soil displacement amplitude of the Rayleigh
allowed.
Rubber
pads
shall
allowed. Rubber pads shall
waves is taken equal to the vertical
be replaceable after
be replaceable after
displacement amplitude.
earthquake
earthquake
The Rayleigh wave soil displacement
- Failure of water stops
- Failure of water stops
amplitudes were determined decreasing by
allowed. Water stops shall
allowed. Water stops shall
be replaceable after
be replaceable after
factor of 4 the output from the GRA (figure
earthquake
earthquake
12).
4

4.2 Calculation model

Structural design of tunnels

Forces, joint rotations and displacements of the
tunnel are calculated with a FEM-model in
which beams are continuously supported by
springs. The springs are located in the
transverse, vertical and longitudinal direction
and act independently. The seismic waves are
inputted as displacements on one side of the
interface elements. Via the interface elements a
load is transferred to the tunnel structure. The
interface elements are given the bi-linear
relations as derived in chapter 2. A
schematization of the FEM-model is shown in
figure 15.

With a seismic calculation model the forces in
the concrete elements and the rotations in the
joints are analysed. Most important design
option to influence the forces and rotations in
the joints is by adjusting the center-to-center
distance of the segment joints. In this chapter it
is briefly outlined how the seismic conditions
are taken into account in the design of the
tunnels.
4.1 Design criteria/philosophy
For the tunnel design distinction is made
between the Ultimate Limit State (ULS) and the
Damage limit State (DLS). In table 5 the design
limits for the various structural components are
summarised. As the earthquakes are severe at
the future airport location quite some damage is
allowed (but shall be repairable).

Figure 5. Calculation model

The beam is interrupted with hinges. The
hinge is modified into a joint capable of taking a
bending moment dependent on the level of
normal force. The shear stresses, which develop
along the perimeter of the tunnel in longitudinal
7
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æ æ
ö
direction, will prevent the joint from opening
æ
ö ö÷
ç ç
÷
ç
÷
a start lw
ç
÷ ÷ æ a w 2p ö 1 ÷
æ a w 2p ö ç ç
(as opening of the tunnel will result in
u x = - A × sinçç
÷
÷ sinç 2p ç x - ç
÷
÷ cosçç
÷
÷
÷
l
è 360 ø ç ç
ç 360 cosæç a a 2p ö÷ ÷ ÷ è 360 ø w ÷
elongation). As soon as the shear capacity is
ç 360 ÷ ÷ ÷
çç ç
÷÷
ç
è
ø øø
è
è è
ø
overcome, or as soon as curvatures become too
æ æ
ö
ö
æ
ö
ç ç
÷
large, the joint will open and a gap arises at one
ç
÷÷
a start lw
ç
÷ ÷ æ a w 2p ö 1 ÷
æ a 2p ö ç ç
u y = A × cosçç w ÷÷ sinç 2p ç x - ç
÷
÷
÷ cosçç
side of the joint, see figure 16. The bending
÷
÷
l
è 360 ø ç ç
ç 360 cosæç a a 2p ö÷ ÷ ÷ è 360 ø w ÷
ç 360 ÷ ÷ ÷
çç ç
÷÷ (3)
ç
moment at which a joint opens is given with
è
ø øø
è
è è
ø
1
M=
w
× N in which N is the normal force at
uz = 0
2 tunnel
the location of the joint and wtunnel is the width
Where:
of the tunnel (or in case of vertical rotations the
height of the tunnel shall be used).
A = Amplitude of seismic wave (Rayleigh or Love)
l w = Length of seismic wave

a w = Angle of incidence of seismic wave
a start = Start angle of wave at x = 0 (between 0 - 360)
a shift = Phase shift between vertical and horizontal
motion (-360/4)

Formulae for displacement by Rayleigh
waves are given with equations (4). Rayleigh
waves cause vertical and horizontal movements.
When the waves are not in line with the tunnel
also a transverse component is present.

Figure 16. Behaviour of segment joint

4.3 Imposed seismic displacements
From the seismic analyses an amplitude and
wave length is extracted for the Love waves and
for the Rayleigh waves.
Formulae for the soil displacements caused
by Love waves are given with equations (3).
Love
waves
only
cause
movements
perpendicular to the direction of propagation. In
case the wave hits the tunnel with an angle also
displacements in the longitudinal direction of
the tunnel arise. In the vertical direction no
displacements occur.

æ a 2p
u x = A × cosçç w
è 360

æ æ æ
ç ç ç
ö çç ç ç a start + a shift l w
÷÷ sin 2p ç x - ç
ø ç ç ç 360 cosæç a w 2p ö÷
ç ç ç
ç 360 ÷
ç çè è
è
ø
è

æ a 2p
u y = A × sinçç w
è 360

æ æ æ
ç ç ç
ö çç ç ç a start + a shift l w
÷÷ sin 2p ç x - ç
ø ç ç ç 360 cosæç a w 2p ö÷
ç ç ç
ç 360 ÷
ç èç è
è
ø
è

(

)

(

æ æ æ
ç ç ç
ç ç ç a
start × l w
u z = A × sinç 2p ç x - ç
ç ç ç
æ a 2p
ç ç ç 360 cosçç w
ç çè è
è 360
è

)

ö ö÷
÷
÷ ÷ æ a w 2p
÷ ÷ cosç
ö ÷ ÷ çè 360
÷÷ ÷ ÷
ø ø ÷ø

ö
÷÷
ø

ö
ö ö÷
÷
÷
÷
ö
÷ ÷ æ a angle 2p
360 ÷ 1 ÷
÷ ÷ cosç
÷ lw ÷
÷ ÷ çè
ø
÷
÷ ÷÷
÷
øø
ø
ö
ö
ö÷
÷
÷
÷
ö
÷ ÷ æ a angle 2p
360 ÷ 1 ÷
÷ ÷ cosç
l
ç
÷
÷
w
÷
÷
è
ø
÷
÷ ÷÷
÷
øø
ø

(4)

ö
÷
÷
1 ÷
lw ÷
÷
÷
ø

The amplitudes and wave lengths are
summarized in table 6. For wave length a
bandwidth is implemented and is based on
figure 14.
Table 6. Amplitude and wave length
Type of
wave
Love
Rayleigh

Amplitude in
ULS
[m]
0.52
0.13

Amplitude in
DLS
[m]
0.17
0.04

Wave length
[m]
150-500
150-500

4.3.1 Forces in tunnel elements
Forces (bending moments and shear forces)
are influenced by the ratio of foundations
stiffness and bending stiffness of the tunnel as
illustrated in figure 18. In case kt × htunnel << EI or in
case kt × htunnel >> EI the tunnel forces are relatively
small. The seismic wave length at which

Figure 17. Seismic Love waves
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bending moments are maximum can be
determined with formula (5). For NAICM
tunnel dimensions and soil conditions maximum
bending moments occur at wave lengths of
312 m.
This is true if not taking into account the
presence of segment joints and not taking into
account the bi-linear behavior of the
soil/structure-interaction (limiting the force to
be transferred to the tunnel).
l max .bending = 4

8 × p × EI
k t × htunnel

8 × p × 18 × 10 6 × 7,215
l max .bending = 4
= 312m
1,320 × 8,1

Figure 19. Joint rotations as a function of the ratio
between segment length and seismic wave length

(5)

4.4 Tunnel design
From a practical point of view a joint
distance of 20 m to 25 m is preferred to take
into account the issues regarding thermal
hardening of the concrete. From the calculations
however the joint rotations turned out to be
rather large under earthquake loads. Therefore,
analyses were set up to see if short or long joint
distances might be beneficial. A short joint
distance might lead to a joint with standard
waterproofing details. A long joint distance
might lead to more longitudinal reinforcement
in the tunnel or lead to prestressed elements but
would reduce the number of joints with special
waterproofing details.
The bending moments and joints rotations for
the GSE-tunnel subject to seismic waves are
given in figure 20 and figure 21. Seismic Love
waves with a length of 150 m, 238 m, 325 m,
413 m and 500 m at angles of 0°, 30°, 45° and
60° are imposed on a tunnel with segment joints
distances ranging from 10 m to 400 m. The
results are calculated with the model in which
the joints behave non-linear (normal force
dependent bending behaviour) and with bilinear relations for the soil/structure-interaction.
In general it can be said that bending
moments increase with increasing joint
distances. For the seismic waves with length of
150 m and 238 m it can be clearly seen that joint
rotations do significantly decrease with long
segment joint distances. For those waves it
would be beneficial to increase joint distances
but the longer seismic waves do cause large
joint rotations at those joint distances.

Figure 18. Bending moments in tunnel as a function of
the soil stiffness and tunnel bending stiffness

4.3.2 Segment joints
Tunnel forces from the previous paragraph
only hold in case the tunnel is continuous. In
case a tunnel is prestressed the maximum
segment length amounts approximately 200 m
and in case unprestressed 20 m to 25 m. The
joins at which the tunnel is interrupted are
usually modeled as a hinge, taking rotations
without bending moment but restraining mutual
displacements in shear and normal direction. As
bending moments are zero at a hinge the results
from the previous paragraph will be greatly
influenced.
Figure 19 shows the relation between the
seismic wave length and the segment length of a
tunnel. In these calculations the soil is acting
linear and the bending stiffness of the tunnel is
set to infinite. The non-linear hinge from
figure 16 is not incorporated.
At ltunnel segment / lseismic wave » 0.45 maximum
joint rotations occur.
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Figure 20. Bending moments as a function of the
center-to-center distance of the joints for Love waves

Figure 21. Rotation in the joints as a function of the
center-to-center distance of the joints for Love waves

An additional calculation from which the
results shall be taking into account is the
longitudinal static analyses. From these analyses
it turned out that joint distances of less than
40 m will result in too large joint rotations at the
airplane loaded section. Also the differential
settlements between the taxiway on the tunnel
and besides the tunnel become too large if joint
distances are small.
5

Conclusions

Based on the static and seismic analyses all
tunnels in the airport will possess joint distances
of 20 m. Only at the locations where the tunnel
underpass the taxiways 60 m joints distances are
used. Those tunnel sections will require more
longitudinal
reinforcement
and
special
waterproofing details are required at the joints.
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