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The construction of Puerta de Jerez underground station in Seville 
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ABSTRACT 
Puerta de Jerez underground station has been built under a two-storey underground car park. The station has three floors under the car
park, and once it was completed, the car park was reconstructed on top of the station. One TBM tunnel had been bored below the car
park before construction of the station and the other during construction. As a closure wall should surround the constructed tunnels, 
and in order to avoid damage to the parking and neighbouring buildings due to tunnel construction, jet-grouting screens were built
around the station. The complex station has several diaphragm walls and pile walls. Inclinometers, topographic marks and 
piezometers have been placed so as to control deformations produced by the different construction operations. The construction
process has been simulated using Plaxis 2D program and a Hardening Soil model. This has allowed correction of the soil parameters 
during construction and finding the ground loss produced by tunnel boring. 

RÉSUMÉ
La gare de Puerta de Jerez du métro de Séville a été construite au dessous d’un parking à deux étages. La gare a trois étages au
dessous du parking, et après sa construction, le parking a été reconstruit sur la gare. Des tunnels ont été construits par tunnelier au 
dessous de la gare, avant et pendant la construction.  Comme un mur de fermeture doit entourer les tunnels, et pour éviter des dégâts 
sur le parking et les bâtiments à proximité de la gare, des rideaux de jet grouting  ont été construites autour de la gare. La gare, très
complexe, a parois moulées et parois des pieux. On a placé des inclinomètres, des points de repère topographique et des piézomètres 
pour contrôler les déformations produites par  les différentes opérations de construction. La construction a été simulée avec le
programme Plaxis 2D et un modèle Hardening Soil. Ceci a permis corriger les paramètres du sol pendant la construction et trouver la
perte du sol  pendant la perforation du tunnel.   
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1 INTRODUCTION AND GEOTECHNICAL PROFILE 

The underground is the best transport facility if pollution, speed 
and non-interference with surface transport are taken into 
account. However, underground construction may produce 
important damage to buildings, traffic cuts and, subsequently, 
irreparable collateral damage to the shops and stores 
surrounding it. The last two shortcomings may be outstandingly 
reduced if excavation is carried out with a tunnelling machine. 
The construction of shallow tunnels has additional economic 
and functional advantages, as the substructure necessary to 
reach the platform is reduced. 
 Seville metro Line 1, with a budget of 735 million €, has a 
length of 18 km with alternating surface sections in the outskirts
and underground sections in town. Its conclusion is foreseen for 
the spring of 2009.  
 The soils included below the surface appear from top to 
bottom in the geotechnical profile: 
Quaternary deposits: 

1. Old loose fill: sand, silt and clay. 
2. Soft to medium dense clayey to sandy silt. 
3. Very loose to loose silty sand. 
4. Very soft to stiff silty clay. 

Pleistocene: 
5. Medium dense to very dense sand. 
6. Dense to very dense silty and sandy gravel. 

Miocene: 
7.  Hard blue clayey marl. 

 Figure 2 shows a simplified geotechnical profile throughout 
the station. Diaphragm walls and tunnelling boring machines 
(TBM) have been used. The design chosen includes two shallow 
tunnels about 6 m in diameter, one for each direction, mainly 
through the pervious, very abrasive siliceous sands and gravels 
of an aquifer connected with Guadalquivir River. Initial 
difficulties due to wearing out of the cutters in the front wheel 
were finally overcome when equilibrium was found between 
wearing out from abrasion and impact; harder steel is more 
fragile and the impact of gravel falling in the excavation front 
produced breaks in the cutters. These problems explain the 
difference between the execution time for both tunnels (2.3 km 
each): 22 months for the first and 8 months for the second. 
Deformations of neighbouring buildings were kept to a 
minimum. The diaphragm walls are embedded in the marl, and 
openings have been built throughout these to allow the flow of 
water from the aquifer and avoid the damming that might 
increase the water level upstream and decrease it downstream.  
 Puerta de Jerez underground station was built under a two-
storey underground car park that had been constructed inside 
grouted soil walls (Figures 1 and 2). The construction of the 
station was quite complex (Arozamena, 2008): there are two 
longitudinal diaphragm walls, a longitudinal pile wall, pier piles 
and two pile closure walls.  The use of pile walls allowed 
breaking of the steel tubes that reinforced the grouted soil walls. 
The station has three floors under the car park, and once it was 
completed, the car park was reconstructed on top of the station.  
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Fig. 1. Layout of station and car park plans, showing the jet-grouting screens, walls, tunnels, boreholes, instrumentation and neighbouring 
buildings. 

Fig. 2 . Simulated section through the station and Cristina building 

 The two TBM tunnels were constructed below the car park, 
one before and the other during station construction. As the 
tunnels had to cross the closure wall that surrounds the station, 
and in order to avoid the damage that the tunnel construction 
could produce to the car park and neighbouring buildings, two 
jet-grouting screens were built at the entrance and one at the end 
of the car park. Inclinometers, topographic marks, total pressure 
cells and piezometers were placed so as to control the 
deformations produced by the different construction operations. 

Figure 1 shows a plan of the station, instrumentation and the 
buildings and gardens surrounding it. 
 The construction process has been simulated using the 
Plaxis 2d program and a hardening soil model. This model is 
especially appropriate when there are plastic and unloading-
reloading processes, and dense, granular soil, as is the case
here. This has allowed correction of the parameters and 
finding the ground loss produced by tunnel construction. 
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2 SIMULATION OF UNDERGROUND STATIONS 

Very few papers have been written on the simulation of 
underground metro stations. Heidkamp et al. (2006) use a 
combination of 2-D and 3-D FE analyses to study the 
enlargement of the Marienplatz metro station. Hou et al. (2007) 
present an elastic 3-D FE method, using ABAQUS program to 
study a deep excavation adjacent to the Shanghai metro tunnels.  

3 SOIL MODEL 

A hardening soil model (Plaxis, 2008) has been employed in the 
station construction simulation. This is a model of non-perfect 
plasticity. The yield surface can expand due to plastic straining. 
When subjected to primary deviatoric loading, soil shows a 
decreasing stiffness and simultaneously irreversible plastic 
strains develop. The hardening-soil model is a double-stiffness 
model with stress-dependent soil stiffness, different for both 
primary loading (E) and unloading-reloading (Eur). The model 
includes soil dilatancy ( ) and introduces a yield cap for 
compression stresses. Figure 3 shows the total yield contour of 
the hardening-soil model in principal stress space. Both the 
shear locus and the yield cap have the hexagonal shape of the 
classical Mohr-Coulomb failure criterion. In fact, the shear 
yield surface can expand up to the ultimate Mohr-Coulomb 
failure surface. 

Fig. 3. Total yield contour of the Hardening Soil model in principal 
stress space. 

 The parameters introduced in the calculations, and obtained 
from the laboratory and in situ tests, are shown in Table 1. 

Table 1. Effective stress parameters of Hardening Soil model 
Soil type 

(kN/m3)
 E

(kPa) 
c'

(kPa) 
’

(º) 
Fill 18.0 0.30 2,000 10 28.5º 
Silt 19.1 0.35 1,200 5 25.0º 
Loose sand 19,5 0.30 6,000 1 32.0º 
Clay 19.5 0.35 2,800 10 25.0º 
Gravel 22.0 0.35 40,000 1 43.0º 
Marl 20.0 0.20 45,000 17,4 24,9º 
Grouted 
soil 

20.0 0.30 400,000 150 28.0º 

 When construction started, the water level was +0.5. Station 
construction has been simulated using a plain strain model 
corresponding to the simulated section indicated in Figure 1 and 
following the sketch of Figure 2. This Figure includes the 
neighbouring building. An old garden is placed to the right. The 
construction of the Cristina building and car park were first 

simulated. The station construction was carried out in the 
following sequence: 

1. Left tunnel construction. 
2. Right diaphragm wall construction. 
3. Pile wall construction. 
4. Removal of roof, first floor car park slab and wall. 
5. Right tunnel construction. 
6. Perforation of tunnels to lower the water level. 
7. Left diaphragm wall construction at the bottom of 

excavation. 
8. Pier piles construction. 
9. Dismantling of grouted walls and excavation of 

access to level +2.5. 
10. Placement of roof beams and excavation of access to 

level +0.5 restrained by struts. 
11. Concrete placement of second floor car park slab; 

placement of stiffer struts for access excavation to 
level -3.5. 

12. Hall excavation. 
13. Concrete placement of hall slab and excavation of 

middle station storey. 
14. Concrete placement of middle station storey and final 

excavation. 
15. Construction of bottom slab and platform. 

 Drained or undrained conditions have been assumed in the 
different phases according to their duration. The model has 
supplied the displacements, pore pressures, bending moments, 
shear and axial forces in each structural element (diaphragm 
wall, pile wall, pier pile, tunnel or slab). The global safety factor 
at the end of each phase may be obtained. 

4 INSTRUMENTATION 

The location of instrumentation is shown in Figure 1. The 
maximum lateral displacement of the pile wall was 25 mm 
towards the excavation, a short time after the placement of the 
roof beams. In the right diaphragm wall, the maximum lateral 
displacement towards the excavation was 5.7 mm before 
placement of the roof walls; after, the inclinometers were 
covered by the beams and no more measurements were 
possible.  
 The construction of jet-grouting screens produced 
significant heaves; the screen placed at the end of the car park 
produced an especially important heave (up to 13.8 mm) in the 
topographic marks placed in the second floor of the car park.  
 The construction of the left tunnel produced very little 
settlement (-0.5 mm) while the construction of the right tunnel 
produced a small heave (0.3 mm). Measurements have allowed 
calculation of the ground loss (0.15% for the left tunnel and 
0,001% for the right tunnel). Dismantling of the grouted walls 
produced an average settlement of -2.6 mm outside the station. 
The remaining construction operations produced vertical 
displacements of less than 1 mm. 
 The Cristina building experienced heaves during the 
construction of the entrance and end jet-grouting screens of 2.2 
mm and 2.7 mm respectively. The remaining construction 
operations produced negligible displacements. The building has 
suffered no damage. 

5 COMPARISON BETWEEN MEASURED AND 
CALCULATED DISPLACEMENTS 

A comparison between the measured and calculated vertical 
displacements in the model is presented in Table 2. Table 3 
compares measured and calculated lateral displacements 
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Table 2.  Comparison between the measured and calculated 
displacements in the model 

Average displacements  (mm) 
Car park floors Cristina building,  

street and gardens 

Construction 
phase 

Meas. Calc. Meas. Calc. 
1.Left tunnel 
construction 

-1.1 -1.0 0,4 -0.4 

4.Car park roof 
 removal 

  0.1 -0.1 

4. Dismantling of  
first floor 
 car park 

  -0.1 -0.2 

5.Right tunnel 
construction 

  0.2 -0.2 

6.Perforation 
 of tunnels 

  -0.5 -0.5 

9.Dismantling of  
grouted walls 

  -3.1 -0.5 

10.Access  
excavation to 
level +0.5 

  -0.1 0.1 

12.Hall 
 excavation 

  0.0 -2.9 

Table 3. Measured and calculated lateral displacements (mm). 
Positive towards the excavation centre. 

Pile wall Right  
diaphragm wall 

Construction 
phase

Meas. Calc. Meas. Calc. 
4.Car park roof 
 removal

0.1 -0.9 1.3 -0.9 

4. Dismantling of  
first floor 
 car park  

-0.0 -0.2 0.2 3.3 

5.Right tunnel 
construction

0.2 -0.5 -0.3 0.5 

6.Perforation 
 of tunnels

0.4 0.9 0.8 0.0 

9.Dismantling of  
grouted walls

8.0 17.5  16.4 

10.Access  
excavation to 
level +0.5

0.0 3.0 0.5 -2.6 

12.Hall 
 excavation

-1.1 -1.1  0.5 

Very precise agreement between measured and calculated 
settlements was not expected, owing to the following reasons:   

  1. The station originally was to be constructed on
another site, but that was not possible due to Archaeological 
reasons. The decision to move the station to this location was 
so sudden that there was no time to carry out a specific site 
investigation. The parameters were obtained from the 
general site investigation for this line. No specific tests to 
define properly he Hardening Soil model have been made, 
and in some cases, it has been necessary to take the default 
values given by the Plaxis program 
  2. There is complex interaction between the heave 
produced by jet-grouting and the settlement produced by 
excavation. 
  3. A plain strain, instead of a 3-D, simulation has been 
employed. 

 The election of a Hardening Soil model has allowed 
calculation of settlements at the back of the walls during 
excavation (as it is usually measured). A Mohr-Coulomb model 
would have predicted heave. The maxima measured and 
calculated settlements nearly coincide in -3 mm, although not in 
the same phase. It must be taken into account that a 
consolidation study has not been carried out. The maximum 
lateral displacement predicted by the model is larger than the 
measured one. 

6 CALCULATED FORCES AND BENDING MOMENTS 

Axial and shear forces and bending moments have been 
calculated in the different structural elements (Justo, 2008). The 
maxima moments and axial forces often appear in the long term, 
after construction, but in the pile wall and pier piles, some 
efforts are more critical during access excavation (phase 10) and 
in other structures during the hall or middle storey excavations 
(phases 12 and 13). 

7 CONCLUSIONS 

A two-dimensional simulation based upon a Hardening Soil 
model and Plaxis 2D FE program has allowed reproduction of 
construction of the Puerta de Jerez underground station. 
Variations of the water level and pore pressures have been duly 
taken into account. The simulation has started with the 
construction of the adjacent buildings and the car park placed 
on top of the station. The walls and slabs have been modelled as 
plate elements. Interfaces have been used when necessary. 
Tunnel elements have been introduced and the ground loss, 
included as input, has been compared with the output so as to 
aid in making adjustments.  
 The agreement between measured and calculated 
displacements was not very precise, but enough to use the 
model as a construction and design control. 

ACKNOWLEDGEMENTS 

The help of UTE Metro de Sevilla and Concesionaria Metro de 
Sevilla for carrying out this work is acknowledged. 

REFERENCES

Arozamena, P. 2008. Pantallas de Pilotes secantes de gran diámetro. 
Pilotes de Gran Diámetro. Octava Jornada Técnica SEMSIG-

AETESS, Madrid 107-118. 
Heidkamp, H. Katz, Casimir & Hofstetter, Ch. 2006. Enlargement of the 

Marienplatz metro station- A complex project beneath Munich City 
Hall. Structural Engineer 84: 3: 41-44. 

Hou, Y.M., Wang, J.H., & Zhang, L.L. 2007. Proceedings 7th Int. 

Conference on Computer Science 1164-1171. 
Justo, J.L. 2008. Modelo de la Estación de Puerta de Jerez. UTE Metro 

de Sevilla. Unpublished report. 
Plaxis, 2008. Plaxis 2D-Version 9.0. Plaxis BV, Delft, Holland. 


