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3D numerical study of protective actions and risk mitigation during the construction
of underground structures near historic buildings in Guadalajara City
Etude numérique 3D des actions de protection et d'atténuation des risques lors de la construction
de structures souterraines à proximité de bâtiments historiques dans la ville de Guadalajara
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ABSTRACT: The project of line 3 of the Light Rail of Guadalajara has an underground section that crosses near important historical
buildings, including the Cathedral of Guadalajara. To protect this building and mitigate possible settlements induced by the tunnel
construction, we have investigated the implementation of geotechnical structures that serve as containment and isolation, such as
diaphragm walls and contiguous piles. To perform an analysis of settlements and the effectiveness of the protection measures, the
characteristics of the Cathedral, the tunnel construction procedure and the protection measures were reproduced in numerical models
using the finite element method. These models incorporate the main factors that can affect the structural integrity of the Cathedral.
Three-dimensional (3D) numerical modeling results indicate the advantages and limitations of the employed techniques.
RÉSUMÉ : Le projet de la ligne 3 Guadalajara du métro léger a une section souterraine qui traverse à proximité des bâtiments
importants, parmi lesquels se trouve la cathédrale de Guadalajara. Pour protéger ce bâtiment et d'atténuer les colonies potentielles
produites par l'action du tunnel, il a étudié la mise en œuvre des structures géotechniques qui servent de confinement et d'isolement
sont les parois moulées et des piles contiguës. Pour l'analyse des colonies et l'efficacité des mesures de protection, reproduit à peu près
les caractéristiques de la cathédrale, le processus du tunnel et des mesures de protection dans les modèles numériques en trois
dimensions à l'aide de la méthode des éléments finis construction, d'intégrer les principaux facteurs qui pourraient influer sur
l'intégrité structurelle de la cathédrale. Enfin, les résultats de la modélisation numérique 3D montrent les avantages et les limites des
techniques utilisées.
KEYWORDS: Contiguous piles, diaphragm wall, tunnel boring machine (TBM), tunneling.
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equivalent to 1 to 2 diameters and will continue until a certain
time after the passage of the tunnel construction.

INTRODUCTION

The objective of this study is to analyze the most appropriate
protection measures for the Cathedral of Guadalajara due to the
construction of the tunnel for Line 3 subway. These measures
are expected to minimize the effect of the construction of the
tunnel, which is projected to pass in front of the Cathedral.
To perform the analysis, different scenarios were proposed
and modeled using the PLAXIS 3D Finite Element program.
The presented scenarios include the tunnel section without
protection measures and the tunnel section with protection
measures based on contiguous piles and a diaphragm wall.
2

CHARACTERISTICS OF THE STUDY ZONE

The zone covers the area of the Guadalajara Cathedral, which
has approximate dimensions of 79 m × 74 m at its base, and two
towers in the main facade with dimensions of 12.0 m × 12.0 m
at the base.
Among the presented risks are the slight inclination of the
North Tower and some structural damage caused by several
earthquakes throughout its history.
The project involves the construction of a tunnel with an
inner diameter of approximately 10.36 m. The axis of the tunnel
is located 11 m from the facade of the Cathedral and the depth
of its basin is 27.4 m (refer to ¡Error! No se encuentra el
origen de la referencia.).
It is expected that the distortions at the surface of the terrain
along the tunnel axis will start at a distance ahead of the front

NORTH TOWER

SOUTH TOWER

Figure 1. Transverse and plan view of the study area.

The greatest deformation occurs during the process of
placement of the rings of the tunnel lining because it makes

- 1679 -

Proceedings of the 19th International Conference on Soil Mechanics and Geotechnical Engineering, Seoul 2017

contact with the natural terrain and receives an injection of
mortar on its outer surface (Rodriguez. & Auvinet, 2012).
The deformations that are produced by the construction of
the tunnel may affect the Cathedral given the proximity between
the two structures. Because the Cathedral is an old emblematic
building for the city, the permissible limit of settlements in its
facade was fixed at 6 mm. To reduce the possibility that this
limit is exceeded by the construction of the tunnel, the
implementation of protective measures is necessary.
The proposed protective measures are contiguous piles with
diameters of 1 m and 1.2 m and a diaphragm wall with a
thickness and width of 0.8 m and 6 m (refer to Figure 2).

according to the field studies, given the lack of historical
evidence. Due to the antiquity of the Cathedral, the modeling of
this structure was performed in a drained state. Assuming that
the pore pressures have dissipated, the remainder of the
modeling processes were conducted in an undrained soil state.

47 m

a)

360 m
160 m

47 m

b)

80 m
30 m

Figure 3. a) Model of the whole section, b) Model of specific section for
piles.

3.2. Modeling of the soil

Figure 2. Schematic view of protective measures. (A) diaphragm wall,
(b) contiguous piles, where the representative cross-sections are
delineated with a discontinuous blue line.

The constitutive model that was employed for the soil was the
Mohr-Coulomb model, with the water table at 10.75 m. The
contact behavior between the surfaces of the retaining elements
and the contact behavior between the tunnel boring machine
(TBM) and the soil are analyzed by the soil-structure interfaces
around the element. For this type of element, the linear elastic
model was employed. The soil parameters are presented in
Table 1.
Table 1. Parameters of soil calculation

2.1. Stratigraphic model
In the study area, anthropogenic fills of low compactness and
heterogeneous nature with sand-loam predominance were
detected at the surface level. Below the surface level are
sedimentary igneous deposits of a pumitic nature, which
correspond to the Toba Tala formation, which generally has a
very homogeneous texture with a sand-loam predominance. A
very heterogeneous residual soil is located under the Toba Tala
formation with a predominance of silty-sandy materials (SM).
The deepest stratum is composed of rocks with very low
resistance, low lithification and small degree of variable
weathering; the quality of the rocky massif varies from bad to
average (Table 1).
3

NUMERICAL MODEL

A total of five models were constructed in which the Cathedral
is considered and the construction of the tunnel is simulated. In
one model, protective measures are not considered. In another
model, the diaphragm wall is implemented. In the latter model,
the tunnel was divided into three different sections
representative of the protection from contiguous piles because
the modeling of piles involves a large amount of computational
resources (refer to Figure 2-b, Figure 3).



Soil
R
UG-1a
UG-1b
UG-1c
UG-1d
UG-2
UG-3b1

(kN/m3)
17.2
17.2
17.2
17.2
17.2
17.2
20.5

c´
kPa)
5
5
15
20
25
30
86


(º)
29
29
31
33
36
35
34

E
(MPa)
10
10
30
40
55
80
250

G
(MPa)
3.571
3.571
11.278
15.037
20.67
30.08
104


0.4
0.4
0.33
0.33
0.33
0.33
0.2

3.3. Modeling of the tunnel
The geometries of the tunnel and the TBM were reproduced,
including the conicity of the tunnel and the modeling of each of
the tunnel construction phases, such as excavation, placement of
the rings of the tunnel lining and injection of mortar, to simulate
the process of advancing the tunnel according to the
construction plan. The characteristics of the segments for
modeling are presented in table 2:

3.1. Modeling of the Cathedral
The Cathedral is considered in the model by an overload that is
equivalent to its own weight, an overload of 50 Ton/m2 in the
footprint of the towers and an overload of 20 Ton/m2 in the
remainder of the building. The loads are applied at the level of
the foundation, which is assumed to be at a depth of 4 m,
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Table 2. Characteristics of the rings of the tunnel lining
Parameter
Ring thickness
Poisson's ratio
Volumetric weight
Compressive strength
E continuous ring
E gapped ring
Thickness ratio
Reduction factor*

Symbol

Unit

Value

b
v

fc
EAC
EAJ



m
kN/m3
kN/m2
kN/m2
kN/m2
-

0.4
0.2
25
35,000
28,600,000
16,216,200
0.825
0.56

Technical Committee 204 & Joint Technical Committee 2 / Comité technique 204 & Comité technique conjoint 2

* The flexural rigidity was reduced to consider the joints between the
rings of the tunnel lining, via a factor, for a critical position (Peña et al.
2012).

Construction by a TBM requires the correct application of
forces to counteract the actions of the soil and control the
deformations in the surface. The values of the forces for the
correct operation of the TBM are listed in Table 3. The applied
forces may slightly vary according to the construction
conditions. However, for reasons of calculation, these forces
were considered to be fixed during the stages of modeling,
which are attributed to the behavior of the machinery according
to the specifications.

To have a concise idea of the effectiveness of the measures
of protection against the deformations of the terrain, the
efficiency parameter 𝜂𝑉 , which was proposed by E. Bilotta
(2004), was employed; it is defined as
𝜂𝑉 =

𝑆𝑟𝑒𝑓 − 𝑆𝑏𝑤
𝑆𝑟𝑒𝑓

(1)

where 𝑆𝑟𝑒𝑓 is the surface settlement in the model without
protective measures at a distance d from the tunnel axis and 𝑆𝑏𝑤
is the surface settlement of the soil immediately beyond the
protective barrier.

Table 3. Operating forces of the TBM
Design forces data
Pressure applied to roof

Unit

Value

kN/m2

-160

Pressure applied to floor
kN/m2
-260
Frontal pressure at top *
kN/m2
-110
Frontal pressure at bottom*
kN/m2
-210
Jacks pressure
kN/m2
82
* Frontal pressure is calculated with Anagnostou & Kovari (1996)
Figure 4. Vertical settlements on the A-A´ axis due to the construction
of the retaining elements.

3.4. Modeling of retaining elements
The modeling of the installation of the retention elements is
important because several authors, such as Gunn et al. (1993),
Symons et al. (1993), and Powrie et al. (1996), have concluded
that the effect of the construction of a diaphragm wall or tangent
piles is potentially significant because changes in stress states
will cause soil displacement during installation and will
influence the behavior of the wall during the excavation
process.
Two methods exist to model the installation of the retention
elements: 1) Wall Installation Modelled (WIM), Ng &Yan
(1998) and 2) Wished in place (WIP), Powrie and Li (1991).
The WIM mode it´s a realistic method. However, in some
cases, using the Mohr-Coulomb model can yield unrealistic
results (Comodromos 2013). Thus, the retention elements were
modelled in the WIP mode, considering the constructive
sequence of the containment elements, because the installation
sequence generates accumulated deformations due to the effect
of individually installing elements.
For the calculations, the properties of the materials of the
piles and the diaphragm walls were considered to be similar,
with a volumetric weight () of 27 [kN/m3], an elastic modulus
(E) of 31[GPa] and Poisson’s ratio (v) of 0.2.
4

Figure 5. Vertical settlements on the B-B´ axis due to the construction
of the retaining elements.

RESULTS

Figures 4, 5 and 6 show the vertical deformation profiles of the
axes A-A´, B-B´ and C-C´, respectively, due to the construction
of the retention elements. The settlements generated by the
construction by the diaphragm wall and the tangent piles are
less than the 3 mm, which is acceptable.
Figures 7, 8 and 9 show the settlements generated by the
construction of the tunnel, without protection measures, with
contiguous piles and with a diaphragm wall. The smaller
magnitude of the superficial settlements in the facade of the
Cathedral is observed in the case of the diaphragm wall, in
which settlements between 3.1 mm and 3.8 mm are
cumulatively reached; this finding is consistent with the fixed
maximum of 6 mm. Contiguous piles can produce maximum
settlement of 4.3 mm, which is acceptable. However,
considering the construction implications of this study, the
alternative of protection based on diaphragm walls should be
the alternative that exhibits the best performance and cpild
causes the least damage to the Cathedral.

Figure 6. Vertical settlements on the C-C´ axis due to the construction
of the retaining elements.

Figure 7. Vertical settlements on the A-A´ axis after tunnel construction.
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The implementation of a diaphragm wall with a thickness of
80 cm is recommended. Note that a smaller width of the panels
will produce smaller settlements during the installation of the
wall.
In addition to aspects of the magnitudes of the displacements
generated in the model, aspects such as constructability and, in
this case, vibrations induced in buildings during the
construction process should be considering in the decisionmaking process. These aspects are beyond the scope of this
paper.

Figure 8. Vertical settlements on the B-B´ axis after tunnel construction.

Figure 9. Vertical settlements on the C-C´ axis after tunnel construction.
Table 4. Efficiency of protective measures.
Section
A’

Axis

Contiguous piles
[%]

Diaphragm wall
[%]

24.46
37.50
40.60

46.43
52.94
48.64

A-

Axis B-B’
Axis C-C’

The calculations of the efficiency of the protective measures
are presented in Table 4. These calculations confirm that the
protective measure with the greatest efficiency is the diaphragm
wall.
Note that the pile arrangement that corresponds to axis A-A´
(Detail-1) exhibits a lower efficiency than the efficiency that
corresponds to sections B and C (Detail-2) (refer to Figure 2-b).
5

CONCLUSIONS AND RECOMMENDATIONS

The settlements caused by the construction of the tunnel (in the
model without protective measures) exceed the permissible
limit of 6 mm in the facade of the Cathedral, which implies the
need to implement these measures.
The deformations in the Cathedral increase in the area of the
towers because these deformations induce a greater load than
the remainder of the building, which renders these zones
critical.
Although the largest deformations induced by the
construction of the retaining elements are observed in the
diaphragm wall, this measure proved to be the measure that can
provide the best protection from the effects of tunnel
construction. In a similar manner, the piles achieve a protective
effect but with less efficiency, especially the arrangement that
corresponds to Detail-1.

6
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