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Abstract: Nowadays, construction in large urban areas has been increasing in an exponential 

way, so lack of space is a problem. Thus, there is the need of building in depth, being this 

conditioned by the geological and geotechnical characteristics of the soil. The use of the 

neighboring soil is sometimes limited, and consequently requires the use of peripheral earth 

retaining structures, with support systems inside the excavation site, such as slab bands. 

In the present dissertation it is studied the behavior of the slab bands, as an auxiliary retaining 

system of the supporting structure. To this end, it was accompanied the construction work of 

expansion of the Hospital da Luz – Lisboa, which allowed me to observe the evolution of the 

works, as well as several constructive aspects. 

Afterwards, it is analyzed a section of the support structure involving the slab bands, using a 

numerical calculation model, through the software Plaxis 2D. Thereby, it is analyzed the 

displacements obtained in the soil and in the retaining structure, as well as the respective forces. 

It is performed a comparative analysis between the values obtained in the modeling and the 

values obtained from the instrumentation. It is also performed a back analysis, in order to 

understand the behavior of the soil. 

To conclude, it is studied an alternative solution to the slab bands, which is compared to the initial 

solution. It is performed an economic analysis as well, in order to understand which of the 

solutions would be more advantageous economically. 

Keywords: Peripheral earth retaining; slab bands; bored pile wall; modeling; instrumentation; 

back analysis. 

1. Introduction 

Nowadays, the scarcity of space is one of 

the problems in large urban areas. 

Therefore, it is fundamental to adopt 

peripheral retaining solutions, that allow the 

vertical excavation of the soil, maximizing 

the space used. 

The case study of this dissertation is the 

expansion of the Hospital da Luz. Due to the 

limitation of the surrounding urban space, 

the adoption of excavation solutions using 

peripheral earth retaining techniques 

becomes essential. Thus, one of the main 

objectives of this dissertation is to study the 

behaviour of flexible support structures, as 

well as their influence on vicinity 

constructions. 

In the present dissertation it will be 

approached the peripheral retaining 

solutions executed in the case study, with 

special attention to the use of slab bands. In 

addition to the study of the slab bands 

solution, an alternative solution will also be 
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addressed, as well as an economic analysis 

of both solutions. 

2. Flexible Retaining Structures 

According to Peck (1972), flexible retaining 

structures are all support structures whose 

deformations, induced by soil pressures, 

have a significant effect on the distribution of 

these pressures, as well as on the 

magnitude of the pulses, bending moments 

and shear forces for which are designed. 

There are several types of flexible support 

structures, which differ in their components, 

constituent materials and constructive 

process (Matos Fernandes, 1983). 

The Coulomb theory allows the calculation of 

the earth impulses in support structures in a 

simple way. However, this theory assumes 

that the retaining structure may undergo 

translation or rotation around the bottom, 

and that its constituent material is perfectly 

plastic, which corresponds to the case of a 

rigid support structure (Fernandes, 2016). 

Subsequently, the calculation of the earth 

impulses in flexible support structures 

should not be based on the Coulomb theory. 

This is a problem of soil-structure interaction, 

in which the pressures exerted on the 

structure by the soil can not be explained by 

any theory of impulses (Guerra, 2015). 

After some works developed by Terzaghi, it 

became clear that it would not be possible to 

obtain a theory for the calculation of 

impulses in flexible support structures. After 

rigorous work of stress measurements on 

propped structures, Terzaghi and Peck 

inferred the apparent pressure diagrams in 

the support structure. The results show that 

the shape and magnitude of the apparent 

pressure diagrams can differ considerably, 

even when the same excavation is done, 

which is due to factors related to the 

construction process. 

Propped Retaining Wall: Propped retaining 

walls are a type of retaining that is frequent 

in the execution of excavations. These can 

be applied in various types of buildings, such 

as the execution of open tunnels or the 

opening of ditches for repair or installation of 

infrastructures, and the execution of 

excavations for the basements of buildings 

(Guerra, 2015). The typical movement of a 

propped wall can be characterized as a 

rotation around the top, which is directed 

towards the interior of the excavation. In 

terms of structural behaviour, a propped wall 

works mainly through the high stiffness of 

the props, which allow to cancel almost 

completely the displacements of the wall. 

Anchored Retaining Wall: It is usual to 

replace the props by ground anchors, 

because they allow shorter construction 

times, and also allow greater flexibility in the 

construction process due to the greater 

space available inside the excavation. In 

terms of behaviour, in the case of anchored 

walls, the axial stiffness of its elements 

(anchors) is of a lower order, when 

compared with the axial stiffness of the 

props, which control the deformations of the 

wall. In this sense, the anchors do not work 

due to their stifness or imposition of 

displacements, but mainly due to the 

alteration of the stress state that they cause 

in the supported soil (Carvalho, 2013). 

Bored Pile Wall: Nowadays, one of the 

processes widely used in peripheral earth 

retaining in urban areas is the use of bored 

pile walls. These consist of a type of 
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structure consisting of a set of piles, being 

these concreted directly against the ground, 

before the execution of the vertical 

excavation. The piles are joined by a 

crowning beam at the top and at the 

following levels by distribution beams, 

depending on the number of anchors levels 

defined in the design. In terms of behaviour, 

the bored pile wall can have three different 

types: cantilever, propped and anchored, the 

last two being more current. 

Slab Bands: Recently, the use of slab bands 

for retaining wall bracing has been an 

alternative to more traditional bracing 

systems (ground anchors or props, for 

example), when administrative, technical or 

economic conditioning arise, which makes it 

impossible, or very conditioning to execute 

these elements (Pinto et al., 2010). 

This solution is characterized by an 

excavation support system that serves to 

support the peripheral retainings, allowing to 

control the deformations of these, and also 

to resist the earth impulses. This type of 

structure consists of sections of slabs that 

are concreted against the ground, through 

top-down methodology. The execution of the 

slab bands is compatible with the 

excavation, incorporating also the structure 

of the underground floors, having a bracing 

function, not only in the provisional phase, 

but also in the final phase. 

3. Case Sudy - Expansion of the Hospital 

da Luz, Lisbon 

The case study is about the expansion of the 

Hospital da Luz, in Lisbon. The project has a 

site area of 9 589,00 m², a volume of 

125 906,33 m³ and a total construction area 

of 56 696,00 m². This construction area 

consists of 7 elevated floors and 4 

underground floors, with 2 access ramps. 

The foreseen execution schedule for the 

contract is 36 months. 

Geological and Geotechnical Scenario 

The geological-geotechnical study was 

carried out by Geocontrole - Geotecnia e 

Estruturas de Fundação, S.A. 11 

mechanical bore holes were performed, with 

of dynamic penetration testes SPT, which 

allowed to evaluate in situ the compactness 

and consistency of the soils, in order to 

define the geotechnical zoning of the site 

under study. Thus, taking into account the 

geological-geotechnical study carried out by 

Geocontrole (2016), it was obtained the 

stratigraphy of the site, by defining the 

geotechnical zoning, which was grouped 

into three groups (ZG3, ZG2 and ZG1), as it 

can be seen in Table 1. 

Table 1 - Geotechnical parameters of soil 

Geotec
hnical 
zone 

Soil 
description 

E 

(M
Pa) 

’ 

(º) 

c’ 

(kPa
) 

 

(kN/
m3) 

ZG3 
Landfill 

deposits 
10 24 0 18 

ZG2E 

Prazeres 
clays and 

limestones 

25 30 5 19 

ZG2D 25 32 8 19 

ZG2C 20 30 10 19 

ZG2B 45 34 15 20 

ZG2A 55 36 20 20 

ZG1 60 36 20 20 

Vicinity Constraints 

The site is located in a densely urbanized 

network and surrounded by important 

roadways, wereby were adopted solutions 
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that minimized the impact on these 

neighbouring structures and infrastructures, 

in which the following stand out: 

• North side: Avenida Condes de 

Carnide and Rua Albert Einstein; 

• West side: existing Hospital da Luz 

building; 

• South side: Avenida Lusíada and 

metro tunnel; 

• East side: Rua Aurélio Quintanilha. 

Executed Solutions 

The adopted solutions in the phase of 

excavation and peripheral retaining are 

represented in Figure 1, which are the 

following: 

• North side: It was chosen a bored 

pile wall, braced by temporary 

anchors; 

• West side: The excavation is 

contiguous to the Hospital, 

corresponding to the same 

foundation elevation. So, there is no 

need to execute a retaining wall; 

• South side: The excavation 

develops parallel to the metro 

tunnel, whereby it was opted for a 

solution of bored pile wall, braced by 

slab bands, executed during the 

phase of excavation; 

• East side: In view of the available 

space, it was opted for a mixed 

excavation solution in which, at an 

initial stage, a Berlin wall was 

chosen and the remaining depth 

was excavated on slope. 

 

Figure 1 - Adopted solutions 

Figure 2 shows the executed curtain braced 

by slab bands. 

 

Figure 2 – Executed bored pile wall braced by 

slab bands 

Monitoring and Survey Plan 

The Monitoring and Survey Plan is a very 

important tool in that it aims to ensure the 

safety of execution of the excavation works 

and the construction of peripheral retainings, 

also allowing the analysis of the behaviour of 

neighbouring structures and infrastructures, 

during and after the construction process. 

In the present case study, 11 inclinometers 

and 13 load cells were installed. 36 

topographical targets were installed in the 

site, and 3 topographic targets per section of 

instrumentation were also installed at the 

metro tunnels. 2 topographical marks were 

also installed per section of instrumentation, 

at the level of the sill of the metro tunnels, 

and also topographic marks were installed at 

the Lisbon Metro galleries crest. 
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4. Solution Modeling 

The analysis of the behavior of the structure 

and the soil was done using the finite 

element method, with the numerical 

calculation software Plaxis 2D, version 8.6. 

This automatic calculation program allows 

simulating, with a good approach to the 

reality, the behaviour of the geotechnical 

structures and the soil, taking into account its 

geometry, mechanical properties of the 

materials and also the associated 

constructive phasing. 

In the case study, the numerical modeling 

was centered in the south side, 

corresponding to the solution of peripheral 

retaining that consists of a bored pile wall, 

being this braced by slab bands. The 

solution under study has an excavation 

height of approximately 16m, being a pile 

wall braced by three levels of slab bands. 

The solution has a significant longitudinal 

development of 63m, which allows to 

consider a plane strain analysis. 

The geometry of the representative model of 

slab bands is shown in Figure 3. 

 

Figure 3 - Model geometry 

The finite element mesh was also defined, 

consisting of triangular elements of 15 

nodes. 

In the modeling of the support structure 

under analysis, the Hardening Soil Model 

was adopted as the constitutive model of the 

soil. This advanced model allows the 

simulation of the behaviour of different types 

of soils, such as sands, clays and silts, in a 

close way to reality. The Hardening Soil 

Model uses three strain modules to 

characterize the soil (Plaxis 2D Version 8 - 

Manual, s.d.). Therefore, the Hardening Soil 

Model allows a good approach to reality, 

enabling to simulate discharge and recharge 

cycles. In Table 2 are represented the 

geotechnical parameters, estimated based 

on the geological-geotechnical study, 

associated to the soil layers that 

characterize the soil supported by the bored 

pile wall braced by slab bands. 

Table 2 - Hardening Soil parameters 

Geotechnical 
parameters 

Geotechnical zone 

ZG3 ZG2C ZG2D ZG2B 

unsat (kN/m3) 18 19 19 20 

sat (kN/m3) 18 19 19 20 

𝐸50
𝑟𝑒𝑓

 

(kN/m²) 

1000
0 

20.000 25.000 45.000 

𝐸𝑜𝑒𝑑
𝑟𝑒𝑓  (kN/m²) 

1000
0 

20.000 25.000 45.000 

𝐸𝑢𝑟
𝑟𝑒𝑓  (kN/m²) 

3000
0 

60.000 75.000 135.000 

c’ (kN/m²) 0 10 8 15 

’ (º) 24 30 32 36 

Slab bands: A 3D software allows the 

compatibilization of the displacements of the 

sections of slabs according to the xz and yz 

planes. However, in this dissertation it was 

performed a 2D analysis of the retaining 

structure, so it was necessary to calculate 
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this relation manually, which allowed to 

determine the stiffness of the slab bands. 

It was adopted as a mean width 8.50m for 

the slab bands, being assumed a fixed beam 

model, considering the intermediate section 

of the intermediate slab band, where the 

length is maximum (22.5m). This situation 

corresponds to the most conditioning, in 

terms of displacements. Thus, in order to 

calculate the axial stiffness EA of the slab 

bands, it was necessary to calculate the 

maximum displacement, which occurs at 

mid span. It was also taken into account the 

behaviour of the counterforts, which have a 

bracing function, also having a support 

function of the slab bands. In this way, a 3D 

model was performed in SAP2000, in order 

to determine the stiffness of the counterforts, 

which allowed to calculate the stifness of the 

support structure. 

After the definition and characterization of 

the constituent parameters of the materials 

present in the modeling of the retaining 

structure under study, the finite element 

mesh was created. The software also allows 

the simulation of the constructive phasing, 

allowing to study the evolution of the 

stresses and displacements throughout the 

different phases of construction. 

Obtained results 

Displacements: The maximum horizontal 

displacement in the soil was observed next 

to the support structure, at the level of the 

second slab band (floor -1), having a value 

in the order of 15mm in the direction of the 

excavation, which is to be expected. The 

maximum value of vertical displacement in 

the soil was observed in the bottom of the 

excavation, taking the value of 

approximately 45mm, in the upward 

direction, which corresponds to the soil 

pumping due to the excavation, due to the 

withdrawal of soil volume. 

According to Figure 4, the maximum 

horizontal displacement in the curtain, 

similar to the displacements obtained in the 

soil, also occurs at the level of the second 

slab band (floor -1), taking the value of 

14,3mm. As for the vertical displacements, 

these have an ascending direction, which 

indicates that the wall moved upward, while 

the ground after the retaining had a 

downward movement, which can be 

explained due to the friction between the wall 

and the ground. 

 

 

Figure 4 - Wall displacements 

Thus, the displacements that occur in the 

curtain comply with the alarm criteria, so the 

safety of the structure is not compromised. 

However, for vertical displacements, the 

values exceed the alert criteria. 

Regarding the metro tunnel, the 

displacement values obtained are lower than 

the alert criteria, so the safety of the 

structure is not compromised. The 

displacements occur in the inner direction of 

the excavation, as it is to be expected, since 

there is a stress relief resulting from the 

excavation of the soil. In absolute terms, the 

𝛿ℎ
𝑚𝑎𝑥. = 14,3mm 𝛿𝑣

𝑚𝑎𝑥. = 8,2mm 𝛿𝑡
𝑚𝑎𝑥. = 16,3mm 
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maximum value of horizontal displacement 

is 2mm, while the maximum vertical 

displacement is 4mm. 

Forces: The axial force installed in the 

support structure has a maximum value of 

268kN/m, this being compression. 

Regarding the evolution along the curtain, it 

can be said that the axial force increases 

linearly with depth, untill the land bank zone, 

as illustrated in Figure 5. 

In the areas where the slab bands lie, there 

is a concentration of shear force, 

materialized by the presence of a landing in 

the respective diagram, as shown in Figure 

5. This is due to the fact that the slab bands 

consist of pile wall supports. The maximum 

shear force value present in the support 

structure was 103kN/m. 

As illustrated in Figure 5, the slab bands 

allow to reduce the bending moment 

installed in the curtain, which increases with 

depth. Therefore, the value of the bending 

moment undergoes a reduction in the level 

of each slab band. The maximum bending 

moment obtained was 144kNm/m. 

 

 

Figure 5 - Wall forces 

Comparative analysis 

The horizontal displacements are those that 

have more expression, being these the most 

conditioning ones, whereby the comparative 

analysis is focused on them. The maximum 

displacement obtained by the 

instrumentation was 15,6mm, measured at 

8,5m depth. This value is close to the 

maximum displacement obtained in the 

modeling, which was 14,3mm. In Table 3 are 

shown the values of the maximum 

displacements obtained in the modeling and 

in the instrumentation, as well as the alert 

and alarm criteria for the horizontal 

displacements. 

Table 3 - Maximum horizontal displacements 

Maximum  horizontal displacements (mm) 

Plaxis 2D Instrumentation Alert Alarm 

14,3 15,6 15,0 25,0 

Back Analysis 

The execution of a back analysis allows to 

understand the behaviour of the soil, being 

this the main objective of this type of 

analysis. Therefore, it were changed the 

following parameters: effective soil cohesion 

c’ and friction angle φ'. Regarding the 

effective cohesion of the soil, it was changed 

from 0kPa to 5kPa. Regarding the friction 

angle, it was increased from 24º to 28º. 

These values have already been studied 

previously by Santos (2015), regarding the 

work of expansion of the parking lot of 

Hospital da Luz - Lisbon.  

In Table 4 is represented the soil 

characterization after the back analysis, 

taking into account the optimization of the 

layer ZG3, referring to landfills.  

𝑉𝑚𝑎𝑥. 

103kN/m 

𝑀𝑚𝑎𝑥. 

144kNm/m 

𝑁𝑚𝑎𝑥. 

268kN/m 
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Table 4 – Geotechnical parameters used in the 

back analysis 

Geotechni
cal 

parameter 

Geotechnical zone 

ZG3 ZG2C ZG2D ZG2B 

unsat 

(kN/m3) 
18 19 19 20 

sat (kN/m3) 18 19 19 20 

𝐸50
𝑟𝑒𝑓

 

(kN/m²) 
10000 20000 25000 45000 

𝐸𝑜𝑒𝑑
𝑟𝑒𝑓  

(kN/m²) 
10000 20000 25000 45000 

𝐸𝑢𝑟
𝑟𝑒𝑓  

(kN/m²) 
30000 60000 75000 135000 

c’ (kN/m²) 5 10 8 15 

’ (º) 28 30 32 36 

Table 5 shows the values of the maximum 

horizontal displacements in the initial 

modeling and in the modeling performed 

after the back analysis. 

Table 5 - Maximum horizontal displacements 

(after back analysis) 

Maximum  horizontal displacements (mm) 

Plaxis 

2D 

(Initial) 

Plaxis 2D 

(Back 

analysis) M
o
n

it
o
ri

n
g

 

A
le

rt
 

A
la

rm
 

14,3 12,1 15,6 15 25 

After performing the back analysis, it can be 

inferred that the initially modeled solution is 

adequate, realistically simulating the 

behaviour of the flexible support structure 

under study. This is due to the fact that a 

small difference was obtained between the 

values of displacements before and after the 

back analysis, comparing them with those of 

the instrumentation. However,  the 

improvement of soil behaviour, through the 

reduction of pumping, allows back analysis 

to lead to more realistic results. 

Alternative solution 

During the modeling of the alternative 

solution, it were taken into account the 

parameters resulting from the back analysis. 

Regarding the alternative solution, it 

consists of a curtain of ϕ600mm piles, 

spaced 1,00m, instead of the initial spacing 

of 1,20m. Thus, four levels of shoring were 

considered, with CHS profiles 

273,0x10,0mm, spaced 5m, having a length 

of approximately 8,5m. The struts will react 

against the future building of the Hospital da 

Luz. For this, initially it was foreseen an 

excavation slope of 1:1. Therefore, it is 

necessary to adopt a pile-column type 

structure. Regarding the deformed 

configuration of the structure of the 

alternative solution, this is represented in 

Figure 6. 

 

Figure 6 - Deformed configuration of the 
alternative solution 

As it would be expected, maximum 

horizontal displacements occur at the level 

of the top of the wall. In Table 6 are shown 

the maximum values of horizontal 

displacements in the retaining structure. 
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Table 6 - Maximum horizontal displacements 

Maximum horizontal displacements (mm) 

Plaxis 

2D 

(Initial) 

Plaxis 2D 

(Back 

analysis) 

Plaxis 2D 

(Alternative 

solution) 

14,3 12,1 27,7 

It should be noted that the displacements 

obtained in the curtain were somewhat 

higher than those obtained in the initial 

solution modeling. This may be due to the 

lack of effectiveness of the pile wall and the 

excavation slope in preventing the 

displacements, unlike the slab bands which, 

being a more stiff solution, led to smaller 

displacements. 

Economic Analysis 

The objective was to determine the 

economic cost of both studied solutions, in 

order to understand which one is more 

economically advantageous. It should be 

noted that, in the case of the slab bands 

solution, the cost of these is not accounted 

for, because they will be part of the final 

structure. It should also be noted that, for 

economic analysis purposes, it was only 

analyzed the region of the intermediate slab 

bands, being this section analyzed in the 

present dissertation. In Table 7 are 

represented the costs of the initial solution 

and the alternative solution, the last one 

leading to a lower value. 

Table 7 - Economic analysis 

 
Initial 

solution 

Alternative 

solution 

Lower 

value 

Total 

cost 
200 494€ 154 075€ 

-46 

419€ 

It is obtained a lower value of -46 419€, 

which is a 23% share of the cost of the 

retaining, whereby it is a significant 

reduction. Regarding the cost of excavation, 

it was assumed that it is the same in both 

solutions. In terms of volume, it is similar. 

Finally, an aspect that has an impact on the 

cost of the work is the execution schedule. 

For the alternative solution, the duration can 

be conditioning, because the execution of 

the peripheral retaining is dependent on the 

execution of the structure, since it is 

necessary to execute several frames, so that 

the bracing of the pile wall is guaranteed. 

However, since this is a large scale project, 

the implication in the site fixed costs may not 

be significant. Thereby, this zone can be 

executed simultaneously with other work 

fronts, reason why it makes the alternative 

solution economically advantageous. 

5. Conclusions 

After the finalization of the present 

dissertation, some final considerations can 

stressed. The objectives initially proposed 

were fulfilled, taking into account that the 

phase of excavation and peripheral retaining 

was followed in full, which allowed to make a 

comparative analysis between the results 

obtained in numerical modeling and the 

results obtained by the instrumentation of 

the work. Regarding the monitoring of the 

works, the several visits allowed the 

observation of the evolution of those, with 

particular emphasis on slab bands. Thereby, 

the constructive phasing was accompanied, 

being able to observe the successive phases 

of excavation and execution of the slab 

bands. 
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Regarding the slab bands modelling, it is 

worth mentioning that, despite the good 

approximation of the model to the reality, the 

fact that it was not considered a 3D modeling 

limits the analysis and study of the behaviour 

of the slab bands as an auxiliary curtain 

bracing system. 

Concerning the back analysis performed, it 

can be said that it was not deep enough, and 

therefore did not lead to profound alterations 

in the model. However, it allowed to 

approximate the displacements of the soil to 

the real values, which allowed the solution to 

be closer to reality. 

Regarding the alternative solution, also 

numerically modeled, it led to an economic 

lower value, in the order of 23%, as it was 

already analyzed in this dissertation. 

However, for the obtained displacements, 

these were higher than those obtained in the 

initial solution modeling, with values 

reaching the alert/alarm criteria. 

Another aspect to emphasize is the 

importance of the Instrumentation and 

Observation Plan, which allows to manage 

the safety of both the excavation and the 

peripheral retaining walls works, as it was 

analyzed in the present dissertation. 

The subject studied in this dissertation 

allows to be deepened, having a wide scope 

in terms of future developments.  

Firstly, a more detailed back analysis is 

suggested, with a meticulous calibration of 

the geological-geotechnical parameters of 

the soil and the structural elements, so that 

the results of the numerical modeling are as 

close as possible to the actual results 

obtained in the work measured by the 

monitoring. Regarding the numerical 

modeling of the support structure, it is 

suggested to model this case in a 3D 

numerical calculation program, in order to 

perform a more rigorous simulation of the 

real behaviour of the curtain, allowing to 

simulate the deformed of the slab bands in a 

way closer to the reality. 
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