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ABSTRACT 

FREELO is the first entertainment resort in Romania and eastern Europe that will host an 
aerodynamic wind tunnel, comprised of a 17m high superstructure and an underground structure, 
laid at a depth of -19.50m below natural ground level. In order to ensure a proper retaining system 
for the excavation, several aspects had to be regarded and studied from the process of concept 
design to monitoring works and data interpretation. 

The paper presents the case history of an unique deep excavation retaining system, a dual cell 
shaft comprised of two circular diaphragm walls disposed around the future structure. Special 
technological aspects that generate geotechnical risk and issues from correlating structural and 
geotechnical engineering will also be treated. 

Keywords: circular, analysis, deep excavation, monitoring 

1. INTRODUCTION 

FREELO is an ambitious and innovative 
concept of entertainment developed in 
Bucharest, Romania, with a flagship 
attraction comprised of an indoor 
aerodynamic wind tunnel. The equipment 
which are part of the tunnel’s ensemble 
will be incorporated in the interior of an 
underground concrete structure laid at 
approximately 19.50m below natural 
ground level. The necessity of such depth 
imposes the need for an excavation 
retaining system, adapted to the structural 
particularities and to the geotechnical 
conditions of the site. 

The specific structural configuration is 
conditioned by the size of the equipment 

which will be embedded in two rectangular 
concrete cells with 1.20m (or 0.80m) thick 
walls, unsupported on their entire depth 
during the exploitation phase of the 
structure, with no horizontal bracings that 
will support lateral earth pressures, aspect 
which have an important influence on the 
construction staging and works. 

Taking into consideration all the 
particularities of the project, usual 
solutions adopted for retaining systems 
could not have been considered due to a 
lack of performance in costs and 
productivity. Thus, the design and 
configuration of the retaining system 
became a difficult engineering challenge 
because of the depth, which exceeds with 
50-80% common deep excavations in 
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Bucharest and because of the necessity to 
adopt an alternative solution, rarely used 
or documented in Romania. 

 
Figure 1. Architectural concept, longitudinal 

section 

2. GEOTECHNICAL CONDITIONS 

The geotechnical report available for the 
site indicates an uniform alternation of soil 
layers, as following: 

 ±0.00m ... -2.95m – fillings, silty sand; 

 -2.95m ... -13.00m – sand and gravel; 

 -13.00m ... -14.00m – clayey silt; 

 -14.00m ... -16.00m – sand and gravel; 

 -16.00 m ... -25.00 m – stiff silty clay; 

 -24.00 m... -31.00 m – sandy silt. 

The hydrogeology of the site is 
characterized by on-site dewatering works 
and pumping tests. Based on the available 
information, two groundwater levels have 
been identified, the first one having its 
piezometric level at approximately -4.00m 
below ground level. The inferior water 
level, captive in the sandy silt situated 
below 24.00m depth, is under pressure 
and raises to -6.00m, which is translated 
in 19m of water pressure. The cover of the 
second aquifer, the stiff silty clay, is a soil 
layer with low permeability which isolates 
communication between the two water 
tables. 

The Romanian norm NP 047-2014 “Norm 
regarding geotechnical documentations 
for constructions” describes the project’s 
geotechnical risk as major, characterized 
with 19/22 points - 6 points for ground 
conditions, 4 points for dewatering works, 
3 points for seismicity, 3 points for 
neighbouring structures and 3 points for 
structure importance. 

3. CONCEPT DESIGN OF THE 
CIRCULAR SHAFT 

3.1. General information 

Due to the project’s major geotechnical 
risk, many key aspects had to be regarded 
in the design of the retaining system. 
Thus, multiple solutions for supporting the 
excavation have been studied, such as 
the “top-down” method, prestressed 
ground anchors or horizontal struts, none 
of the options being sufficiently performant 
or being difficult to implement. 

The adopted and implemented solution is 
represented by the disposal of circular 
diaphragm walls, self-supporting, which 
inscribe the geometry of the future 
structure. The main advantage of this 
solution is represented by the possibility of 
building inside an open excavation by 
avoiding the congestion of the pit with 
metallic struts. 

The interior structure is divided in two 
rectangular areas named “the flight tube” 
and “the engine tube”, which will be 
inscribed in two circles with radiuses of 
approximately 7.50m and 8.95m 
respectively. 

 
Figure 2. Concept of the retaining system 
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The two circular cells are composed of a 
60cm thick diaphragm wall with the toe 
level at -23.00m connected by a 80cm 
section, executed at -26.00m, parallel with 
the interior structure’s walls, which will be 
supported on the entire depth of the 
excavation with 4 (four) levels of horizontal 
metallic struts. 

After completing the contour diaphragm 
walls, under the excavation level at the toe 
of the 80cm thick d-wall, concrete 
barrettes were executed in order to ensure 
a supplementary rigidity of the system and 
for soil improvement purposes. Also, at an 
intermediate level in the excavation depth, 
a perimetral concrete beam has been cast 
with the purpose of distributing non-
uniform loads that may appear, being 
generated from surcharges caused by 
equipment at ground level or discontinuity 
in soil layers. 

The equipment inside the “engine tube” 
require a high execution precision and 
minimum mounting tolerances in order to 
avoid any possible dimensional conflicts. 
In order to achieve this condition, the 
diaphragm walls were distanced with 
approximately 10cm from the interior 
structure, distance that represents the 
total deviations that can occur from the 
execution’s verticality and the horizontal 
displacements of the retaining system. 

Based on all the presented particularities, 
the design of the structural elements has 
been elaborated for the ultimate limit 
states STR and GEO with respect to the 
provisions of Design Approach 1 from EN 
1997-1:2004. 

Because of the depth of the excavation 
and the presence of the inferior under 
pressure aquifer, it is necessary to 
attribute a special attention to 
supplementary checks as UPL for the 
interior concrete structure and HYD in 
order to protect the bottom of the 
excavation against hydraulic lift and to 
properly dimension the dewatering 
system. 

Regarding the staging of the construction 
works, excavation follows an usual 
sequence. In the case of building the 

interior structure, a correlation is required 
between the removal of the metallic struts 
and executing the structure in separate 
sections through a correct detailing of the 
reinforcement. 

Surcharges considered in the initial design 
of the excavation’s retaining system were 
modified taking into consideration 
technological necessities and limitations 
and terrain adjusting around the 
excavation. These limitations imposed a 
rigorous study, a conclusive example 
being represented by the crane position 
next to the pit, limited by the inclination of 
the mobile lever and the distance from the 
excavation. 

3.2. Evaluation of lateral earth pressure 
for soils in the case of circular shafts 

In current geotechnical engineering, 
circular shaft applications are used for 
deep excavations utilized as access tubes 
for TBMs, tunnels, reservoirs and tanks. 

In the case of circular shafts, lateral 
pressure generated by the soil massif 
acting on the exterior surface of the 
diaphragm wall are transmitted through 
the arching effect as compression forces 
(hoop forces). Based on this effect, the 
dimension of the d-wall is dependent on 
the maximum excavation depth that 
generates the hoop stress. 

The diaphragm wall’s thickness is 
dependent on the diameter of each 
circular cell with a direct impact on the 
arching effect of the lateral loads. A higher 
diameter of the circular cell generates an 
amplified soil pressure, caused by the 
decreasing arching effect. For large 
diameter shafts, the distribution of lateral 
earth pressure becomes equal to the one 
obtained in plane strain design. 

Circular areas of the diaphragm walls are 
consisting of panels which are tangent to 
the circles that will inscribe the structure. 
In order to obtain a proper arching effect, 
the joint alignment is mandatory and 
necessary, obtained through CWS 
(Continuous Water Stop) beams used as 
guiding, patented by Soletanche Bachy. 
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Another important aspect in the design of 
the diaphragm walls is the verticality of the 
excavation. Two adjacent panels executed 
deviated in opposite directions can 
generate a lack of continuity in the 
assumed calculated thickness, reducing 
the theoretical thickness of the final 
diaphragm wall from 60cm to 
approximately 41cm obtained on site. 
Considering the mentioned scenario has 
an impact on the hoop force check 
through comparison with the maximum 
axial bearing capacity of the diaphragm 
wall. 

Joints between panels are areas of 
discontinuity in the reinforcement, where 
hoop forces have an important role 
against openings. 

Numerous studies from technical literature 
have addressed the influence of soil on 
circular shafts for deep excavations, 
through different means as the finite 
element method (2D and 3D), the limit 
equilibrium method or centrifuge 
modelling. 

Tests and calibrations of centrifuge 
models with the finite element method 
reveal that evaluating lateral pressure of 
soils by applying traditional design 
methods (for example, the Rankine 
theory) generates overestimated values. 

This evaluation is based on parametric 
studies, the arching effect between soil 
particles being predominantly dependent 
on the internal friction angle and the 
circular cell diameter. 

Determining the real values of pressure 
generated by the soil on the entire 
excavation, as well as studying the 
behaviour of such retaining systems is 
essential for an economical dimensioning 
of the retaining system as well as for a 
judicious design taking into consideration 
the geotechnical risk, implications on the 
project’s success being significant. 

4. STUDY OF THE ADOPTED 
SOLUTION 

Investigating the adopted solution is 
based on numerical modelling using finite 
element method through dedicated 

software for geotechnical applications, 
Plaxis 2D, Plaxis 3D and Midas GTS. 

An initial 2D analysis was carried out, both 
in axisymmetric and plane strain models, 
in order to fully comprehend the 
differences between the two distinct 
sections. 

The axisymmetric model is used in cases 
where circular structures are modelled, 
with uniform sections and loads distributed 
around the central rotation axis. The basic 
premise for this model is the identical 
configuration in any radial direction 
regarding soil lithology and loads. 

 
Figure 3. Axisymmetric model 

 
Figure 4. Plane strain model 

Material parameters applied for soils 
correspond to the Mohr Coulomb and the 
Hardening Soil constitutive models and 
were determined based on the available 
geotechnical report and by consulting 
specialty literature and information 
available from other excavations with 
similar lithologies in Bucharest. 

Although the 2D models can simulate both 
excavation and construction staging which 
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are relevant to the retaining system, as 
well as stiffness and structural rigidity, in 
order to fully estimate the structural 
response of the retaining system, a full 3D 
analysis was carried out by use of Midas 
GTS NX and Plaxis 3D. 

 

 
Figure 5. 3D Model – executed retaining 

system 

Additional studies of the retaining system 
have been carried out by usual structural 
analysis, with manually applied external 
loads on the diaphragm wall. Although 
usual structural software do not offer 
several modelling capabilities (for example 
soil models or realistic embedment 
conditions) a global behaviour of the 
retaining system can be assessed. The 
study confirms the expected behaviour 
obtained by means of geotechnical finite 
element software and offers 
supplementary design precision. 

Because of its geometry, the shape of the 
retaining system is governed by two 
disadvantages. On the connection area, 
diaphragm walls which are parallel to the 

interior structure generate different angles 
for unloading the lateral earth pressures of 
the soil, transmitted as hoop forces 
through the circular diaphragm walls. 

The two circular shafts have different 
diameters acting on the connection area 
with different soil pressures. Altough the 
difference between the two diameters is 
not significant the excavation generates a 
global rotational effect of the entire 
structure, proven by measurements 
obtained from monitoring the excavation. 

 
Figure 6. 3D Model – Global deformation of 

the retaining system 

5. MONITORING OF THE RETAINING 
STRUCTURE 

The main role of monitoring geotechnical 
retaining systems is to maintain a safety 
factor to the project during the 
construction works due to the evolution of 
efforts and deformations in the soil massif 
which require a constant surveillance. 

Thus in-time controlling of the structure is 
necessary to validate design hypotheses 
considered and to follow-up on the 
differences between real site conditions 
and conditions taken into account in 
design, especially given the particular 
features of the project. 

The role of monitoring is to certify the 
design’s efficiency and to ensure control of 
the execution process, allowing 
adjustments based on real conditions 
such as deviations, structural flaws or 
correcting deficient execution to be 
applied. 

Relevant phases of monitoring for the 
retaining system respect technological 
stages considering modifications in 
support conditions and work progress, 
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frequency of the measurements being 
correlated with direct on-site observations 
and situations occurred. 

5.1. Inclinometric measurements 

Measuring horizontal displacements 
through the inclinometric method was 
adopted by implementing 4 (four) systems, 
embedded in the diaphragm walls, two 
inclinometers being characteristic to each 
relevant area for providing a general 
overview of the retaining system’s 
behaviour. 

On the instrumented depth, values for 
deformations (positive or negative) and 
manifestation direction indicate rotations 
and evolutions of the cumulated 
displacements. 

 
Figure 7. Positioning of the inclinometers, 

implemented by the Technical University of 
Civil Engineering of Bucharest 

In regard to safety factors, by studying 
values obtained for displacements, 
reference values were set for several 
levels: attention, warning and alarm. 

Values obtained for the I3 inclinometer are 
relevant to the section of d-walls 
supported by metallic struts, and the 
values obtained for the I4 inclinometer are 
compared to the axisymmetric model. 

Diagrams present composed values for 
the two directions, A0-A180 and B0-B180. 
A comparison between measurements for 
the two inclinometers positioned on the 
contour of the retaining system, I3 and I4, 
and diagrams obtained through numerical 
analysis indicate a similar tendency for 
displacements. 

 
Figure 8. Comparison between estimated and 

measured horizontal displacements for 
inclinometer I3 

In the case of the section supported by 
horizontal struts, measurements reveal a 
similar displacement trend, a notable 
difference being obtained in the overall 
values, estimated double or triple than on-
site measurements. 

This aspect is commonly studied and 
approached in different parametric studies 
of similar soil conditions in Bucharest. 
Advanced constitutive models require 
special parameters that can offer realistic 
estimations for displacements. 

 
Figure 9. Comparison between estimated and 

measured horizontal displacements for 
inclinometer I4 

In the case of inclinometer I4, although 
measured values exceed designed 
values, on-site measurements are situated 
within the attention limit, considered as 
acceptable. The diagrams offer a global 
image of the retaining system’s behaviour. 

I1

I3I4

I2
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By comparison, values obtained by 
studying the 3D models reveal similar 
values as the ones measured. 

A cause for this difference may be 
generated by technological limitations for 
constructing diaphragm walls which 
cannot be considered through the design 
software. The finite element model 
considers the entire soil massif as an 
isotropic medium on a radial direction, as 
in reality these discontinuity areas modify 
the static scheme of a panel and generate 
a horizontal bending moment between two 
joints. 

As excavation works inside the retaining 
system advance, efforts and strains in the 
soil massif and in the concrete elements 
suffer reorientations and repositioning due 
to the two joints between two consecutive 
panels, which are areas of discontinuity. 

These hypotheses can be considered 
correct by comparing results obtained 
after measuring values corresponding to 
the first major excavation stage, which 
reveal a difference of 1-3 mm between two 
successive monitoring steps. 

5.2. Strain gauges 

In collaboration with Soldata Romania, in 
order to determine axial forces in the 
metallic elements, strain gauges were 
mounted on the struts from the third level 
(-13.00m) and on the forth level (-16.50m). 

 
Figure 10. 3D Model – proposed instrumented 

elements 

The principle mechanism of the strain 
gauges consists in transforming 
frequencies measured by the vibrating 

wire into deformations and efforts. The 
positioning of the strain gauges was 
established depending on the strut length 
and layout, instrumented elements being 
considered relevant to the global 
behaviour of the retaining system. 

Results obtained were compared with 
design values generated by numerical 
analysis. 

 
Figure 11. Comparison between estimated 
and measured axial forces in the strut at -

13.00m 

Resulted values obtained from monitoring 
the third level of struts (-13.00m) indicate 
a 10% variation of stresses around the 
dimensioning value (maximum design 
value). Although the design value is 
exceeded by 10%, due to the applied 
safety coefficients, the additional load is 
considered acceptable. 

 
Figure 12. Comparison between measured 

axial forces in the struts at -16.50m 

For the fourth level of struts (-16.50m), a 
10-15% difference between the two 
instrumented elements can represent a 
confirmation of the different loading 
conditions of the connected area, 
generated by the two different diameters 
of the circular cells and can confirm the 
global deformation tendency of the 
retaining system. 

Instrumented metallic struts

‐13.00m 

‐16.50m 
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6. CONCLUSIONS 

The FREELO project is unique in the 
context of Romanian geotechnical 
engineering due to the limitations and 
constraints encountered during the 
project’s evolution. 

Approaching a particular and atypical 
project with rigorous study and by 
consulting technical literature and other 
specialists from the Soletanche Bachy 
Group represented key components of the 
design. However, a systematic approach 
and a correlation with all entities involved 
in the design and execution process 
results in an important impact on the 
developments’ success. 

Monitoring and geotechnical investigations 
represent important aspects of the project, 
and back-analysis data obtained during 
the project’s execution represent valuable 
resources for future similar developments, 
applications for circular shafts being 
various. 

The investors of FREELO sustain 
innovative development and delivering a 
successful iconic project ensures the 
context for further valuable and ambitious 
perspectives for Romanian geotechnical 
engineering. 

 

Figure 13. Photo taken during the execution 
(photo credit KEI Development) 

 
Figure 14. Photo taken at final excavation 

level (photo credit KEI Development) 
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