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Abstract 

In dense cities, the interactions between all structures, from tall skyscrapers to complex underground 

tunnel systems, need to be carefully analysed as soon as a new project is considered. This is necessary 

because of the stress changes in the soil induced by each new construction. Demolishing a building could 

cause heave at the base of the excavation, deflections in supporting structures and settlements of the 

surroundings. The behaviour can be modelled in order to predict how large the deformations will be. This 

thesis investigates the effectiveness of such models. This is done through the application of a parameter 

sensitivity analysis on models created in Plaxis. The purpose of the analysis is to identify which factors 

cause discrepancies between the models and the actual displacements monitored on site.  

The project being examined is located in central London. The analysis focuses on the displacements of 

existing tunnels below the site caused by the demolition of two buildings. An analysis was carried out to 

investigate the significance of different parameters, of different material models and methods of analysis, 

of 3D effects and of inaccurate groundwater data. Ground investigations, laboratory tests and published 

data were the main sources used to collect reliable initial input parameters for the material models. A 

model was created in Plaxis 2D using the Mohr-Coulomb and the Hardening Soil with small-strain 

stiffness material models, using two types of undrained analysis. A model using the Mohr-Coulomb 

material model was created in Plaxis 3D as well. A sensitivity analysis was then carried out on the 2D 

models to identify which input parameters were most significant to the tunnel displacements. The results 

were compared to monitoring data and a back-analysis was carried out to produce more accurate results. 

The initial and adjusted input parameters were also tested on the 3D model. Finally, the groundwater level 

was altered.  

The results indicate that soil stiffness and effective cohesion are the most significant. Small-strain stiffness 

is shown to be especially important when analysing small tunnel deformation. The 3D model generally 

yielded more accurate results than the 2D model, while the groundwater level did not appear to affect the 

deformations. 
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Sammanfattning 

I tätbebyggda städer bör samspelet mellan olika konstruktioner, från skyskrapor till tunnelsystem, 

analyseras noga så fort ett nytt projekt ska påbörjas. Detta är kritiskt på grund av den förändrade 

spänningsfördelning som uppstår i marken vid varje ny byggnation. Marken häver sig, stödmurar 

deformeras och den omkringliggande marken sätter sig när en byggnad rivs. Denna process kan 

modelleras för att uppskatta hur stora deformationerna kommer att bli. Det här examensarbetet utvärderar 

hur effektiv en sådan modell är. En känslighetsanalys utfördes på modeller skapade i Plaxis. Syftet med 

denna analys är att undersöka vilka faktorer som orsakar skillnader mellan modellerna och mätdata. 

Projektet ligger i centrala London och analysen fokuserar på tunneldeformationer orsakade av att två 

byggnader rivs. Tunnlarna befinner sig i ett lager av Londonlera under byggarbetsplatsen. En analys 

utfördes för att undersöka huruvida olika parameterar, olika materialmodeller och analysmetoder, 3D 

effekter och grundvattennivån påverkar tunnelförflyttningarna. Markundersökningar, labbtester och 

publicerad data användes som grund för att bestämma indatavärden. En 2D modell skapades i Plaxis 

genom att använda materialmodellerna Mohr-Coulomb och ”Hardening Soil with small-strain stiffness”. 

En Mohr-Coulomb modell skapades dessutom i Plaxis 3D. En känslighetsanalys utfördes sedan på 2D 

modellen för att identifiera vilka parametrar som påverkade tunnelförflyttningarna mest. Resultaten 

jämfördes med mätdata och viktiga parameterar ändrades för att ge bättre resultat. Inverkan av att ändra 

dessa värden undersöktes även i 3D modellen. Slutligen undersöktes påverkan av en förhöjd 

grundvattennivå. 

Resultaten antyder att jordens styvhet och den effektiva kohesionen har störst inverkan på resultaten. 

Styvheten vid små töjningar visar sig vara särskilt viktigt eftersom deformationerna år små. 3D modellen 

gav generellt sätt mer korrekta resultat än modellen i 2D. En högre grundvattennivå påverkade inte 

resultaten nämnvärt.  

 

Nyckelord: Styvhet, små töjningar, Mohr-Coulomb, Plaxis, känslighetsanalys, tunnlar, Londonlera 
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Nomenclature 

Latin symbols 

Symbol Description Unit 

𝑐  Cohesion [𝑘𝑁
𝑚2⁄ ]  

𝑐𝑖𝑛𝑐  Increase in cohesion with depth (default 𝑐𝑖𝑛𝑐 = 0) [𝑘𝑁
𝑚2⁄ ] 

𝐶𝑗  The jth criterion considered in the sensitivity analysis [𝑣𝑎𝑟𝑖𝑒𝑠]  

𝑐𝑢  Undrained shear strength  [𝑘𝑃𝑎]  

𝐸  Young’s modulus [𝑘𝑁
𝑚2⁄ ]  

𝐸0  Tangent modulus in the soil’s elastic range [𝑘𝑁
𝑚2⁄ ]  

𝐸50  Secant modulus at 50% of the soil’s strength [𝑘𝑁
𝑚2⁄ ]  

𝐸50
𝑟𝑒𝑓

  Secant stiffness in standard drained triaxial test [𝑘𝑁
𝑚2⁄ ] 

𝐸𝑜𝑒𝑑
𝑟𝑒𝑓

  Tangent stiffness for primary oedometer loading [𝑘𝑁
𝑚2⁄ ] 

𝐸𝑢𝑟
𝑟𝑒𝑓

  Unloading/reloading stiffness (default 𝐸𝑢𝑟
𝑟𝑒𝑓

= 3𝐸50
𝑟𝑒𝑓

) [𝑘𝑁
𝑚2⁄ ] 

𝐺0
𝑟𝑒𝑓

  Reference shear modulus at very small strains [𝑘𝑁
𝑚2⁄ ] 

Gs  Secant shear modulus [𝑘𝑁
𝑚2⁄ ]  

Gt  Tangent shear modulus [𝑘𝑁
𝑚2⁄ ]  

𝐾0
𝑛𝑐  K0-value for normal consolidation (default  

𝐾0
𝑛𝑐 = 1 − 𝑠𝑖𝑛𝜑) 

[−]  

𝑚  Power for stress-level dependency of stiffness [−] 

𝑛  Number of input parameters considered in sensitivity analysis [−]  

𝑝′  Mean of the principal stresses (
σ1

′ +σ3
′

2
)  [𝑘𝑁

𝑚2⁄ ]  



v 

𝑝𝑟𝑒𝑓 , 𝑝′0 Reference stress for stiffness (default 𝑝𝑟𝑒𝑓 = 100 𝑘𝑁
𝑚2⁄ ) [𝑘𝑁

𝑚2⁄ ] 

𝑞  Half of the deviatoric stress (
𝜎1

′−𝜎3
′

2
)  [𝑘𝑁

𝑚2⁄ ]  

𝑟  Number of criteria considered in sensitivity analysis [−]  

𝑅𝑓  Failure ratio 𝑞𝑓/𝑞𝑎 (default 𝑅𝑓 = 0.9) [−] 

𝑥𝑖  The ith input parameter in the sensitivity analysis [𝑣𝑎𝑟𝑖𝑒𝑠]  

 

Greek symbols 

α(xi)  The relative sensitivity or “sensiscore” of the ith input parameter 

in the sensitivity analysis 

[%]  

𝛾  Shear strain [−]  

𝛾0.7  Threshold shear strain at which 𝐺𝑠 = 0.722𝐺0 [−]  

𝜀1  Normal strain [−]  

𝜀𝑣  Volumetric strain [−]  

𝜈  Poisson’s ratio [– ]  

𝜈𝑢𝑟   Poisson’s ratio for unloading-reloading (default 𝜈𝑢𝑟 = 0.2) [−]  

σ1
′   Major principal stress [𝑘𝑁

𝑚2⁄ ]  

σ3
′   Minor principal stress [𝑘𝑁

𝑚2⁄ ]  

𝜎𝑡  Tension cut-off and tensile strength [𝑘𝑁
𝑚2⁄ ]  

𝜎𝑡𝑒𝑛𝑠𝑖𝑜𝑛  Tensile strength (default 𝜎𝑡𝑒𝑛𝑠𝑖𝑜𝑛 = 0 stress units) [𝑘𝑁
𝑚2⁄ ]  

𝜑  Friction angle [°]  

𝜓  Dilatancy angle [°]  
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 Introduction 1

1.1 Background 

As societies continue to urbanize and cities become more densely populated, civil engineering projects 

become increasingly complex. Undertaking a project in the centre of a major city entails not only 

producing a safe structure, it also requires careful consideration for the dense network of surrounding 

structures, which may be affected by the current construction. In order to make accurate predictions 

about the potential damage to the surroundings, the models used to make these predictions need to be 

reliable. This thesis studies the sensitivity of parameters used when modelling displacements of existing 

tunnels beneath a construction site. 

The project is located in central London and involves the demolition of two buildings and the additional 

excavation of some of the underlying soil. A system of vertical shafts and tunnels running in different 

directions through a layer of London Clay are located directly below the excavation. Stress changes in the 

soil, due to the addition or subtraction of loads will cause deformations of the soil and displace the 

structures contained within it. The displacements in the complex geometry described above are 

unreasonably difficult to calculate without finite element software, which is why Plaxis 2D and Plaxis 3D 

are used in this thesis. The geotechnics department at WSP in London, who handled this investigation, 

also created models prior to the demolition and excavation. Continuous ground movement monitoring 

from the start of demolition to after the excavation were compared to predicted movements. This 

revealed the accuracy of the models. In this project, and in similar projects, WSP has found that the 

predicted and measured displacements differ. They expressed an interest in explaining the discrepancies in 

order to improve future models. To investigate this issue, new models have been created on which a 

parameter sensitivity analysis was conducted. It should be emphasized that only the models produced 

according to the author’s own interpretation of the available data are presented in this thesis. The results 

obtained from the models created by WSP may differ.  

According to Atkinson and Sällfors (1991), up until the late 1960s and early 1970s, there remained a lack 

of knowledge about soil deformations. It was around this time that new strides were made including the 

development of the finite element analysis. Since then, extensive research has been done to study 

deformation of soils, especially the non-linear behaviour at smaller strains (Benz, 2007; Rouainia, 2007). 

Studies of tunnel movements, specifically, have concluded that the stiffness of tunnels in the ground will 

minimize the extent to which the tunnels follow these displacements (Zhang, et al., 2013). However, there 

appears to be a lack of research done to identify which soil parameters in finite element models will have 

the greatest effect on these displacements.  

The aim of this thesis is to identify which parameters cause the greatest discrepancies between the 

predicted displacements from Plaxis models and the actual tunnel displacements. This is done through a 

sensitivity analysis, which is then used to carry out a simple back-analysis that is used to improve the 

accuracy of models. Although this process was completed after the demolition and excavation works as 

well as the monitoring was finished, it is valuable for prospective projects as it gives an indication of which 

parameters may need to be selected more carefully in the future.  
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1.2 Disposition 

This thesis contains the following chapters: 

- Chapter 2 - Project details describes the geometry of the excavation and the underlying tunnel 

system, as well as the methods and instrumentation used to monitor ground movements and to 

carry out laboratory testing.  

- Chapter 3 – London Geology highlights details about the geology of the area, including the 

different soil layers that will be modelled in Plaxis. Some of the advantages and disadvantages to 

engineering in this geology are identified. 

- Chapter 4 – Plaxis Material Models introduces the Mohr-coulomb, Hardening soil, and 

Hardening soil with small-strain stiffness material models which are used in Plaxis 

- Chapter 5 - Soil Parameters and Modelling Options in Plaxis 2D describes some of the most 

important parameters used in the material models covered in Chapter 4. Some other options used 

to create the models are also described. 

-  Chapter 6 – Small-Strain Stiffness Behaviour describes the theory behind the small-strain 

stiffness parameters and discusses their relevance to this thesis  

- Chapter 7 – Sensitivity Analysis covers the theory behind the sensitivity analysis used in Plaxis 

- Chapter 8 - Method describes the process used to achieve the results presented in Chapters 9 

and 10 

- Chapter 9 - Initial input parameters describes the selection process of the input parameters 

- Chapter 10 - Sensitivity Analysis Results presents the results obtained from the sensitivity 

analysis and the back-analysis 

- Chapter 11 – Analysis and Discussion aims to analyse and discuss the validity of the results and 

to what extent they are applicable in other projects. Some limitations are also highlighted here.  

- Chapter 12 - Concluding Remarks explains which conclusions can be drawn from the results 

and suggest ways to expand this research 

- Bibliography lists the references used 

- Appendices contains additional information related to this thesis 

1.3 Models 

Two different types of models are discussed in this thesis. The first type is the material model, which aims 

to accurately describe the mechanical behaviour of soils. Plaxis provides a number of predefined material 

models to choose from. It is also possible to create user-defined material models, but this option is not 

explored in this thesis. The material models that are relevant to this thesis are described in Chapter 4.  The 

second type is the geometrical model, which is created by the user in each new Plaxis project. Whereas the 

material model describes the mechanical behaviour of the soil, the geometrical model describes the 

physical shape of the site. The material models are applied to materials used in geometrical models. In this 

thesis, the geometrical models will simply be referred to as models. In some instances, the word “model” 

is preceded by the abbreviation of a material model, such as MC for the Mohr-Coulomb material model. 

In this case, the author is referring to the geometrical model containing materials defined by that material 

model. 
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1.4 Limitations 

Only the displacements of the tunnels have been considered. The excavation area is quite complex and it 

would be interesting to consider the deflections of retaining walls and basement slabs, as well as and 

settlements around the excavation.  However, this is beyond the scope of this thesis. The theory behind 

finite element analysis has not been described in this thesis. Extensive information is available on this 

topic and for more information pertaining to Plaxis, the author refers the reader to the Plaxis 2D and 

Plaxis 3D Manuals. 

Projects of this scale span over a number of years, which made it impractical to follow all stages of 

construction or to oversee the ground movement monitoring, within the context of this type of thesis. 

Therefore, the monitoring is assumed to have been was carried out correctly and all yielded data is 

assumed to be accurate. Furthermore, the geometry of the site, including the level, size and direction of 

the tunnels as provided by engineers at WSP has been accepted as accurate. The size and location of the 

building loads have also not been calculated or further analysed by the author. 
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 Project Details 2
This chapter introduces the project geometry and details about the demolition and excavation phases. The ground investigations and 

laboratory tests are discussed briefly. The methods and instrumentation used in the tunnel monitoring are described and the displacement 

limits are identified.  

2.1 Project Background 

The project studied in this report is confidential and will therefore not be mentioned by name. It will 

henceforth be referred to as The Project. Ground investigation reports and other documents pertaining to 

this specific project have not been referenced, as they are not available to the public. Only information 

considered necessary for the understanding of the project geometry and analysis are presented in this 

chapter. 

Two buildings, each comprising of sections of varying heights, and varying loads, were demolished in 

order to make way for a new structure. A structural engineer was responsible for calculating the loads 

from each existing building, and the results are included in Appendix A. The basement slabs belonging to 

each building are of varying thickness and are located at different depths. The lower of the two slabs was 

retained and the other was removed during demolition.  To obtain a levelled base, the ground beneath the 

higher slab was then excavated down to the lower slab’s upper level. The soil around the buildings was 

retained by gravity walls, retaining walls and secant pile walls. A system of tunnels and vertical shafts is 

located a few meters beneath the base level of the excavation. In Figure 1, the system of tunnels and 

shafts is shown as recreated in Plaxis 3D. The light-blue tunnels are made of cast iron and the dark blue 

tunnels are made of reinforced concrete. The 2D analysis will focus on a section cutting through Tunnels 

A, B and C. The system is also shown from below, in Figure 2, where the retaining walls and basements 

slabs are also visible.  

 

 

Figure 1- System of tunnels and vertical shafts beneath demolition and excavation site 

Approximate location of 2D-section 

A 

B 

C 
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2.2 Ground Investigations and Laboratory Studies 

The objectives of the ground investigations were to accurately describe the local ground conditions and to 

determine where challenges may arise in the geotechnical design. The investigations comprised a study of 

the site history, as well as field and laboratory studies. The field investigations included cable percussion 

boreholes, rotary core boreholes, window sample holes and in situ Standard Penetration Tests (SPT). The 

results from SPT have been especially useful in this report in order to predict soil strength and stiffness 

parameters. Oedometer tests, unconsolidated undrained triaxial tests and consolidated undrained triaxial 

tests were carried out in a laboratory. Additional laboratory tests include determination of the natural 

moisture content and particle size distribution analysis. The results from the investigations are analysed in 

Chapter 9 in order to determine the values of the Plaxis input parameters.  

2.3 Ground Movement Monitoring 

Deformations in the ground and displacements of the structures were predicted by WSP using Plaxis 2D 

and 3D before demolition and excavation work at the site began. Ground movements were tracked during 

and after demolition and excavation. The information in this chapter pertaining to The Project is collected 

from ground monitoring reports. These are classified and have therefore not been referenced in the text.  

A range of different instruments are used to track displacements, strains and other changes around the 

site. However, only monitoring data from electrolevels positioned along the tunnels were considered in 

this analysis. This is due to the fact that this thesis specifically focuses on the displacements of the tunnels 

and because this data includes displacements in three directions. From the results, it was possible to 

determine the absolute displacements. The results were applied in the sensitivity analysis and in the back 

analysis (Chapter 10). 

Depending on the size of the deformations, the readings from the monitoring system will fall within one 

of five categories: “Clear”, “Green”, “Amber”, “Red” and “Black”. A Clear or Green status implies that 

Figure 2 - System of underground tunnels and vertical shafts, as well as retaining, gravity and secant pile walls as seen from below 

Basement slab 

Retaining 
wall/Gravity 
wall 

Secant pile wall 

 

Tunnel C 

Tunnel B 

Tunnel A 
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no action needs to be taken because the displacement is below the predicted or at the predicted level, 

respectively. The “Amber” status suggests that the recorded movements are exceeding the values that 

trigger an Amber warning. The next level is “Red”. Finally, if an unsafe situation is developing, the status 

becomes “Black”. At each of the latter three stages, actions are taken to evaluate and handle the situation. 

The “Amber”, “Red” and “Black” levels are used as reference values in the results (Chapter 10) when 

investigating the impact of different input variables. The trigger values selected have been decided upon 

based on the amount of displacement predicted by WSP and based on the knowledge of those responsible 

for the tunnels (Table 2-1). They do not necessarily correspond to the point at which the tunnels will fail. 

Table 2-1 - Allowable tunnel displacement limits for the excavation phase 

EXCAVATION Clear Green Amber Red Black 

Maximum differential 
movement within any 
chord within the cast 

iron tunnel 

< +/- 8 mm > +/- 8 mm 
and < +/- 16 

mm 

< +/- 16 mm Determination by 
inspection (failure 

condition) 

Maximum differential 
movement within any 
chord within the cast 

concrete tunnel 

< +/- 5 mm > +/- 5 mm 
and < +/- 28 

mm 

< +/- 28 mm Determination by 
inspection (failure 

condition) 
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 London Geology 3
Royse et al. (2012) suggest that recent London excavations, which have provided new geological data, are partly responsible for many 

established ideas about the geology of London being reconsidered. This chapter briefly covers the complex geology of London, specifically 

focusing on the London Clay Formation. The objectives are to give an overview of the local ground conditions and to identify associated 

challenges for geotechnical engineering projects. 

3.1 Geology of London 

The London Basin is bounded by a chalk outcrop, typically composed of fine-grained white limestone 

with a permeability that has been shown to vary vertically (Royse, et al., 2012). Above the chalk lies the 

Thanet Sand Formation, consisting of fine-grained sand. The permeability of the Thanet Sand Formation 

has also been shown to vary due to variations in grain size. Overlying this layer is the Lambeth group. The 

Lambeth group contains a varied mixture of silt, clay, sand and gravel (Entwisle, et al., 2013).  Sand 

channels running through the formation causes irregular groundwater flows (Royse, et al., 2012). This is 

particularly important for deep excavations and tunnelling works, located in this formation. The Lambeth 

Group can be divided into a number of formations. The characteristics of the Lambeth Group samples 

collected at The Project site suggest that they belong (from shallowest to deepest) to the Upper Mottled 

Beds, Lower Shelly Beds, Lower Mottled Beds and the Upnor formation. The Upper Mottled Beds consist 

of very stiff and hard mottled silty clay and the Lower Shelly Beds contain very stiff to weak gravely silty 

mudstone. The Lower Mottled Beds are composed of very stiff and hard mottled, slightly sandy, silty clay 

and the Upnor formation consists of very stiff and hard mottled, slightly sandy silty clay.  

Above the Lambeth group is the Thames Group, which includes the London Clay Formation. London 

Clay comprises relatively homogenous clay with silty and sandy clay intervals (Royse, et al., 2012). The 

upper part of the formation is sandier than the lower part. Studies have found that faults are prevalent in 

the London area, which means that the London Clay and the aquifers cannot be assumed to be laterally 

continuous. This means that borehole data from one area may not be applicable for a nearby project. 

Another issue is that the permeability will change along faults. On top of the London Clay is a layer of 

river terrace deposits and alluvium. 

Efforts have been made to create geological models of the varied ground conditions in the London area, 

including a model by the British Geological Survey (Mathers, et al., 2014) and a 3D model of the Chalk in 

the London basin (Royse, 2010). The 3D models are usually made either by interpolating between data 

points from boreholes, or by incorporating expert geological knowledge between observational data 

points (Royse, 2010). Royse (2010) suggest that a combination of the two methods is best in many 

situations. These models have not been applied here. Instead, the ground investigation data has been 

relied upon. In a future study, this type of 3D geological model may prove useful.  

3.2 Consolidation of Soils 

In their book, Principles of Geotechnical Engineering, Braja M. Das and Khaled Sobhan (2013) discuss 

the consolidation of soils. Primary consolidation is the process whereby the excess pore pressure 

dissipates as water is squeezed out of the soil. The rate at which this occurs will depend on the 

permeability of the soil (Rajapakse, 2008). Saturated clay with low permeability will experience a slower 

rate of primary consolidation than saturated sand. Secondary consolidation refers to the rearrangement of 

soil particles as the soil decreases in volume. Although primary and secondary consolidation occurs 

simultaneously in reality, it is common practice to calculate as if primary consolidation occurs first and 

secondary consolidation second.  
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The greatest effective stress that a soil sample has been subjected to during its geological history is 

referred to as the preconsolidation pressure. Soil samples are either classified as normally consolidated or 

overconsolidated. A sample is classified as overconsolidated if the effective pressure that the sample is 

currently exposed to is lower than its preconsolidation pressure. Consequently, if the current effective 

pressure is higher than the soil’s preconsolidation pressure, the sample is considered to be normally 

consolidated.   

3.3 The London Clay Formation 

The London Clay Formation is one of the most studied clays in geotechnical engineering, with over 45000 

recorded boreholes (Reeves, et al., 2006). It is heavily over-consolidated, has a high undrained shear 

strength, is highly impermeable, and has a long stand-up time (Burland, et al., 2001). For these reasons, it 

is considered ideal for tunnelling.  

Despite these beneficial properties, London Clay poses challenges to engineers because of its susceptibility 

to shrinking and swelling. It contains expansive clay minerals, including smectite (Jones & Terrington, 

2011), which cause the clay to increase in volume when exposed to water. Additionally, the mechanical 

properties of London Clay cause it to expand when unloaded. Demolitions and excavations will result in a 

reduced effective stress. It is stiff, structured and greatly overconsolidated. According to samples from 

Terminal 5 Heathrow airport, a strain of 2-6% was recorded when clay was unloaded down to 

approximately 10 kPa (Takahashi, et al., 2005). 

Although the London Clay Formation is more homogeneous than the Lambeth Group, it is divided into 

distinct horizontal layers. King (1981) divided the formation into several layers: A1, A2, A3, B, C, and D. 

London Clay A2 was found at the site of the Project, comprising of occasionally sandy clay, sometimes 

containing flint pebbles, shell and wood fragment. The sand and silt partings are especially important. 

According to Hight et al. (2007), two bounds should be considered when defining the effective strength 

parameters of London Clay, due to the prevalence of fissures. A fissure is a long, narrow crack in the clay. 

The upper bound is where the intact clay fails, whereas the lower bound is constricted by the strength on a 

fissure. The true effective strength parameters will lie between these bounds. 
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 Plaxis Material Models 4
Plaxis provides a range of different material models, which can be selected according to the type of soil conditions that are present at the site 

and the access to specific soil parameters. The three material models most relevant to this project are the Mohr-Coulomb, Hardening Soil 

and Hardening Soil with small-strain stiffness material models. These are described here in order to highlight their respective advantages 

and limitations. 

4.1 Mohr-Coulomb (MC) Material Model 

The Mohr-Coulomb (MC) material model, also called the linear elastic perfectly plastic material model, is 

offered by Plaxis as a relatively easy first analysis of a problem (PLAXIS, 2016). The computational time is 

comparatively short, as a constant or linearly increasing stiffness is defined for each soil layer. Hook’s Law 

and the Mohr-Coulomb failure criterion govern the linearly elastic and the perfectly plastic parts of the 

MC material model, respectively. As the material model does not account for hardening of the soil or 

creep, it is suggested that additional analysis can be carried out using, for instance, the hardening soil 

material model of the Soft Soil Creep material model. The former is especially interesting for the type of 

project that is investigated in this thesis and will be described later in the text. As mentioned, the MC 

material model only defines one stiffness parameter, 𝐸, the Young’s modulus. In addition, the Poisson’s 

ratio, soil cohesion, friction angle, tension cut-off and tensile strength are parameters defined when 

applying the MC material model in a Plaxis analysis. The stiffness and Poisson’s ratio describe the soil 

elasticity, while the cohesion and friction describe soil plasticity. The MC parameters are listed in Table 

4-1, but some will also be described in more detail later in the text. 

4.2 Hardening Soil (HS) Material Model 

The Hardening Soil (HS) material model is considered one of the advanced material models offered by 

Plaxis (PLAXIS, 2016). The main difference between the MC material model and the HS material model is 

that the latter accounts for stress-dependency of the stiffness moduli. This is important as soil stiffness 

changes depending on the stress level. Whereas the MC material model uses a bi-linear curve, the HS 

material model uses a hyperbolic stress- strain curve (Figure 3).  

The three stiffness parameters, 𝐸50
𝑟𝑒𝑓

, 𝐸𝑜𝑒𝑑
𝑟𝑒𝑓

 and 𝐸𝑢𝑟
𝑟𝑒𝑓

, refer to the secant stiffness in a standard triaxial test, 

tangent stiffness for primary oedometer loading and the unloading/reloading stiffness, respectively. 

Additionally, the power for stress-level dependency of stiffness, 𝑚, is defined in this material model. Some 

of the basic parameters for both the MC and HS material models are described in more detail in Chapter 

5. In addtion, a list of the HS material model parameters is presented in Table 4-2. It is important to note 

that this material model will not be used in the analysis in the thesis. Instead, a more advanced version of 

the HS material model, the Hardening Soil with small-strain stiffness material model, will be applied. This 

is material model is described in the following section. 

4.3 Hardening Soil Material Model with Small-Strain Stiffness (HSsmall) 

Another advanced material model is the Hardening Soil material model with small-strain stiffness 

(HSsmall). This material model is a modified version of the HS material model that considers the increase 

in stiffness at small strains. Whereas the HS material model assumes elastic behaviour during unloading 

and reloading, the HSsmall material model uses a more accurate “S-shaped” stiffness reduction curve to 

describe behaviour at very small strains. To achieve this curve, two new parameters are introduced, namely 

the reference shear modulus at very small stains 𝐺0
𝑟𝑒𝑓

 and the threshold shear strain 𝛾0.7. At 𝛾0.7, the 



 

10 
 

shear modulus has been reduced to 70% of the small-strain shear modulus. The two additional HSsmall 

material model parameters are listed in Table 4-1. 

Table 4-1- MC material model parameters (PLAXIS, 2016) 

Symbol Name Unit 

𝐸 Young’s modulus [𝑘𝑁
𝑚2⁄ ] 

𝜈 Poisson’s ratio [– ] 

𝑐 Cohesion [𝑘𝑁
𝑚2⁄ ] 

𝜑 Friction angle [°] 

𝜓 Dilatancy angle [°] 

𝜎𝑡 Tension cut-off and tensile strength [𝑘𝑁
𝑚2⁄ ] 

 

 

 

 

 

 

 

 

 

 

 

Figure 3 - The Bi-Linear curve used to describe soil behaviour according the MC material model (left) and the hyperbolic curve used in the HS material 
model (right) (PLAXIS, 2016) 
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Table 4-2 – HS material model parameters 

Same as for MC 

𝑐 (Effective) cohesion [𝑘𝑁
𝑚2⁄ ] 

𝜑 (Effective) angle of internal friction [°] 

𝜓 Dilatancy angle [°] 

𝜎𝑡 Tension cut-off and tensile strength [𝑘𝑁
𝑚2⁄ ] 

Basic parameters 

𝐸50
𝑟𝑒𝑓

 Secant stiffness in standard drained triaxial test [𝑘𝑁
𝑚2⁄ ] 

𝐸𝑜𝑒𝑑
𝑟𝑒𝑓

 Tangent stiffness for primary oedometer loading [𝑘𝑁
𝑚2⁄ ] 

𝐸𝑢𝑟
𝑟𝑒𝑓

 Unloading/reloading stiffness (default 𝐸𝑢𝑟
𝑟𝑒𝑓

= 3𝐸50
𝑟𝑒𝑓

) [𝑘𝑁
𝑚2⁄ ] 

𝑚 Power for stress-level dependency of stiffness [−] 

Advanced parameters 

𝜈𝑢𝑟 Poisson’s ratio for unloading-reloading (default 𝜈𝑢𝑟 = 0.2) [−] 

𝑝𝑟𝑒𝑓 Reference stress for stiffness (default 𝑝𝑟𝑒𝑓 = 100 𝑘𝑁
𝑚2⁄ ) [𝑘𝑁

𝑚2⁄ ] 

𝐾0
𝑛𝑐 K0-value for normal consolidation (default  

𝐾0
𝑛𝑐 = 1 − 𝑠𝑖𝑛𝜑) 

[−] 

𝑅𝑓 Failure ratio 𝑞𝑓/𝑞𝑎 (default  

𝑅𝑓 = 0.9) 

[−] 

𝜎𝑡𝑒𝑛𝑠𝑖𝑜𝑛 Tensile strength (default 𝜎𝑡𝑒𝑛𝑠𝑖𝑜𝑛 = 0 stress units) [𝑘𝑁
𝑚2⁄ ] 

𝑐𝑖𝑛𝑐 As in Mohr-Coulomb material model (default 𝑐𝑖𝑛𝑐 = 0) [𝑘𝑁
𝑚2⁄ ] 

 

Table 4-3-HSsmall material model parameters 

Symbol Name Unit 

𝐺0
𝑟𝑒𝑓

 Reference shear modulus at very small strains (𝜀 < 10−6) [𝑘𝑁
𝑚2⁄ ] 

𝛾0.7 Threshold shear strain at which 𝐺𝑠 = 0.722𝐺0 [−] 



 

12 
 

 Soil Parameters and Modelling Options 5

in Plaxis 2D 
As explained in the previous chapter, different material models require different input parameters. Some of the most relevant parameters 

are described in further detail here in order to clarify how they impact the results for different material models and because of their 

importance to the case studied in this thesis. 

5.1 Stiffness Moduli, E, E50
ref, Eoed

ref & Eur
ref , and the Power, m 

Selection of the value for stiffness requires some consideration due to the non-linear behaviour of most 

soils (PLAXIS, 2016). The factors that should be considered when selecting the stiffness E for the MC 

material model are the stress level, strain level and stress path. More advanced Plaxis material models also 

introduce 𝐸0 and 𝐸50, and 𝐸𝑢𝑟 , to describe the stiffness at different loading conditions. The moduli 𝐸0 

and 𝐸50 are obtained from triaxial testing, where 𝐸0 refers to the soil stiffness in the soil’s elastic range, 

whereas 𝐸50 is the stiffness at 50% strength. Furthermore, a lower stiffness is to be expected for primary 

loading compared to the stiffness 𝐸𝑢𝑟 at loading and reloading. The moduli 𝐸0, 𝐸50, and 𝐸𝑢𝑟 are defined 

for triaxial testing in Figure 4. As explained in the previous chapter, there are also two small-strain 

stiffness parameters 𝐺0 and 𝛾0.7. These are described in more detail in Chapter 6. 

At any depth, a soil sample will be exposed to a certain confining pressure, 𝜎3. Similarly, in laboratory 

triaxial testing, the soil can be exposed to specific confining pressures. As can be seen in Figure 4, 𝐸0 is 

determined from the slope at the point where |𝜎1 − 𝜎3| = 0 and is thus dependent on the value of 𝜎3.  

 

 

Figure 4 -𝐸0, 𝐸50, and 𝐸𝑢𝑟 defined for triaxial tests (PLAXIS, 2016) 
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The value of 𝐸50 is related to 𝐸0 through: 

𝐸0 =
2𝐸50

2−𝑅𝑓

      ( 5-1) 

where, 𝑅𝑓 is a failure ratio and is set to 0.9 by default. In Plaxis, the pressure that the stiffness modulus is 

defined by, is referred to as the reference pressure, 𝑝𝑟𝑒𝑓 , and is set to 100 kPa by default. The relationship 

between 𝐸50 (dependent on 𝜎3) and 𝐸50
𝑟𝑒𝑓

  (dependent on 𝑝𝑟𝑒𝑓) is as follows:  

𝐸50 = 𝐸50

𝑟𝑒𝑓
(

𝑐′𝑐𝑜𝑠𝜙′−𝜎3
′ 𝑠𝑖𝑛𝜙′

𝑐′𝑐𝑜𝑠𝜙′+𝑝𝑟𝑒𝑓𝑠𝑖𝑛𝜙′
)

𝑚

     ( 5-2) 

Hence, it is necessary to convert the value of 𝐸50 to 𝐸50
𝑟𝑒𝑓

, if the confining pressure does not correspond 

to the value used for 𝑝𝑟𝑒𝑓 . The power m is the amount of stress dependency. Similarly, a relationship 

between Eur and Eur
ref exists: 

𝐸𝑢𝑟 = 𝐸𝑢𝑟
𝑟𝑒𝑓 (

𝑐′𝑐𝑜𝑠𝜙′−𝜎3
′ 𝑠𝑖𝑛𝜙′

𝑐′𝑐𝑜𝑠𝜙′+𝑝𝑟𝑒𝑓𝑠𝑖𝑛𝜙′
)

𝑚

     ( 5-3) 

where, 𝐸𝑢𝑟
𝑟𝑒𝑓

 is the stiffness modulus for unloading/reloading dependent on 𝑝𝑟𝑒𝑓 . Another stiffness 

parameter, accounted for in the HS material model is 𝐸𝑜𝑒𝑑 , which is obtained from an oedometer test and 

is therefore dependent on 𝜎1 rather than 𝜎3: 

𝐸𝑜𝑒𝑑 = 𝐸𝑜𝑒𝑑

𝑟𝑒𝑓
(

𝑐′𝑐𝑜𝑠𝜙′+𝜎1
′ 𝑠𝑖𝑛𝜙′

𝑐′𝑐𝑜𝑠𝜙′+𝑝𝑟𝑒𝑓𝑠𝑖𝑛𝜙′
)

𝑚

     ( 5-4) 

where, Eoed
ref  is dependent on pref and is the stiffness modulus for primary loading, from an oedometer 

test. In Chapter 9 the values of 𝐸50, 𝐸𝑢𝑟 and 𝐸𝑢𝑟 are determined from triaxial compression tests. 

Equations (5-2), (5-3) and (5-4) are applied automatically by in Plaxis SoilTest if 𝑝𝑟𝑒𝑓 and 𝜎3 are defined 

appropriately.  

5.2 Poisson’s Ratio, ν 

When a material is compressed in one direction, Poisson’s ratio, ν, is defined as the expansion 

perpendicular to the compressive force divided by the compression parallel to the force (Józsa, 2011). 

𝜈 =
𝑑𝑙

𝑙⁄

𝑑𝐿
𝐿⁄
      ( 5-5) 

 

l 

L 

Figure 5 – A material that is being compressed will expand perpendicular to the force. The ratio between the perpendicular expansion and the parallel 
compression is called Poisson’s ratio 
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Triaxial tests of an undrained soil sample tend to yield low initial values of the Poisson’s ratio, as the 

volume initially decreases very quickly (PLAXIS, 2016). It is, however, recommended to select a high 

value when using the MC material model (Józsa, 2011), except in the case of unloading. According to the 

Plaxis material model manual, typical values of Poisson’s ratio lie around 0.3 and 0.4. In cases of 

unloading, however, the value tends to lie in the range of 0.15 to 0.25. 

5.3 Dilatancy Angle, ψ 

Dilatancy refers to the increase in volume of a soil subjected to shear stresses. The dilatancy angle is 

defined as: 

𝜓 = 𝑡𝑎𝑛−1 (
𝑑𝜀𝑣

𝑑𝛾
)      ( 5-6) 

Where, 𝜀𝑣 is the volumetric strain and 𝛾 is the shear strain. A densely packed sand will increase in volume 

if subjected to shear forces because the sand fractions will become arranged in a less dense fashion 

(PLAXIS, 2016). Clays, however, do not show the same property of dilatancy, and the angle can therefore 

be estimated as equal to zero. An exception is very over-consolidated clays, which are likely to dilate 

somewhat. Some very loosely packed soils will show negative dilatancy because they get compacted when 

subjected to shear force.  

Considering the definition of the dilatancy angle, a positive value implies that a volumetric strain will 

occur whenever shear strain occurs. However, tightly packed sand would realistically not continue to 

increase in volume for as long as the shear strength is applied. Rather, the volume should cease to increase 

as the sand becomes less packed.  This makes the definition unrealistic for the actual behaviour of soil. If a 

restriction on the volume is set in combination with the positive dilatancy angle, however, this will 

generate tensile pore stresses. This leads to an over estimation of the soil strength.  

5.4 Undrained Shear Strength, 𝑐𝑢, and Effective Strength Parameters, 𝑐′ and 𝜙′ 

An unconfined clay sample will have a certain strength due to the negative pressure in the water that fills 

the very small voids between the soil particles (Craig, 2004).  This strength is referred to as cohesion. In 

the MC and HSsmall material models, the cohesion is expressed either as the effective cohesion, 𝑐′ or as 

the undrained shear strength, 𝑐𝑢 (PLAXIS, 2016). It may be realistic to define a cohesion that increases 

with depth. In this case, 𝑐𝑖𝑛𝑐, can be applied to define how much this increase should be per unit of 

depth. The effective cohesion 𝑐′ and the friction angle 𝜙′ are reffered to as the effective strength 

parameters.  

It is possible to select one of two approaches when carrying out an undrained effective stress analysis: 

Undrained (A) and Undrained (B) (PLAXIS, 2016). A third option, Undrained (C), is also available. 

However, of the material models used in this thesis, Undrained (C) is only applicable to the MC material 

model. Both the Undrained (A) and Undrained (B) approaches are applied in the analysis in this thesis. 

5.4.1 Undrained (A) 

When using the Undrained (A) option, the efffective strength parameters,  𝜑′ and 𝑐′,  are applied 

(PLAXIS, 2016). Estimating an accurate shear strength is a challenge, as pore pressure will affect the 

effective stress path to such a large extent. One advantage of using the Undrained (A) approach is that it 

accounts for an increase in shear strenght due to consolidation. However, with this approach there is also 

the danger of overestimating the undrained shear stregth. This is due to the fact that a vertical stress path 

to failure is assumed. In reality the mean effective stress actually decreases due to shear induced pore 

pressure. Due to these difficulties, the undrained shear strength obtained from analysis should also be 

compared to the undrained shear strenth obtained from soil test. If the value from the anlysis is greater 
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than that from tests, the analytical value should be disregarded. This is demonstrated in Figure 6. More 

advanced material models will reduce the mean effective stress in undrained loading. However, for all 

material models, it is advisable to check against laboratory tests.  

5.4.2 Undrained (B) 

The Undrained (B) option is an alternative to Undrained (A) and can be used when the undrained shear 

strength profile is known (PLAXIS, 2016). The only strength input parameter is 𝑐𝑢, as 𝜑′ is set to zero. 

This option avoids the problem of letting an incorrect effective stress path influence the shear strength, as 

the shear strength is defined directly. However, since the defined shear strength is constant, it is not stress-

dependent. There is no compression hardening and no shear strength increase due to consolidation.  

5.5 Interfaces 

Interfaces are used to simulate the interaction between the soil and an adjacent structure. By implementing 

an interface, for instance along the outer lining of a tunnel, the tunnel lining is able to move relative to the 

soil. This is, of course, more realistic than if the soil and tunnel lining were to move as one unit (PLAXIS, 

2012). When an interface is applied to a plate, node pairs are created along the plate surface. Each node 

pair contains one node belonging to the plate and one belonging to the soil. Symbolically, each node pair 

can be observed as being connected by an elastic-perfectly plastic spring. The interface strength 𝑅𝑖𝑛𝑡𝑒𝑟 

and the properties of the soil will by default be used to decide the behaviour of the spring. It is also 

possible to apply a material set to the interface itself.  

 

q 

p' 

c', φ' 

 

Figure 6 - Stress path assumed in Undrained (A) versus stress path followed in reality (PLAXIS, 2016) 

cu 

Reality Undrained (A) 
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 Small-Strain Stiffness Behaviour 6
This chapter introduces the stiffness reduction curve used to describe soil stiffness at small strains. In addition, the applicability and 

importance of small-strain stiffness to the project studied are discussed. 

The HSsmall material model differs from the HS material model because it does not consider the 

unloading-reloading behaviour to be elastic. This is especially relevant when considering deformations far 

from soil failure (Clayton, 2011), such as deformations of tunnels, foundations and retaining walls. The 

strain range in which soils actually behave in an elastic manner is very small, typically less than 0.01% 

(Atkinson & Sällfors, 1991). In reality, the stiffness reduction will follow an S-shaped curve above this 

level, as seen in Figure 7. In Plaxis, this behaviour is modelled according to a hyperbolic law (PLAXIS, 

2016): 

𝐺𝑠 =
𝐺0

1+0.385|
𝛾

𝛾0.7
|
      ( 6-1) 

where, 𝐺𝑠 is the secant shear modulus. The initial or maximum shear modulus (Benz, 2007) is denoted as 

𝐺0 and 𝛾0.7 is the strain at which 𝐺𝑠 has been reduced to 0.722𝐺0 (or about 70% of 𝐺0) (PLAXIS, 2016). 

Equation (6-1) is plotted in Figure 7, where the typical ranges for very small, small and larger strains are 

indicated. Small strains are defined as ranging between 0.001% and 1% (Atkinson & Sällfors, 1991). 

According to Atkinson & Sällfors (1991), conventional testing methods were generally only effective at 

testing behaviour at larger strains, over 1%. These methods do not accurately measure strains small 

enough to accurately produce the stiffness degradation curve seen in Figure 7. 
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Figure 7 - Stiffness reduction curve for very small, small and larger strains (Atkinson & Sällfors, 1991) 
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Multiplying each side of equation (6-1) with γ, the stress-strain relationship is obtained:  

τ = Gsγ =
G0γ

1+0.385|
γ

γ0.7
|
        ( 6-2) 

The tangent shear modulus Gt can be formulated by taking the derivative of equation (6-2) with respect to 

γ. 

𝐺𝑡 =
𝐺0

(1+0.385|
𝛾

𝛾0.7
|)

2      ( 6-3) 

When plotted, G𝑡 and Gs are often normalized with respect to G0. The value of 𝛾0.7 can then easily be 

plotted as well (Figure 8). In addition, a lower limit is introduced along the curve of G𝑡. This cut-off level 

is defined as the stiffness obtained when the unloading modulus is substituted into equation (6-3). 

Due to the fact that conventional testing methods are not considered accurate enough at small strains, 

more complex tests are required to obtain small-strain stiffness parameters. Some alternatives suggested 

by Atkinson and Sällfors (1991) are resonant column and special triaxial testing. As these tests are 

considered too expensive, back-calculated values from previous projects are often used in design instead. 

However, the heterogeneous nature of, the Lambeth group deposits especially, makes the assumption that 

these values can be used less justified. Fortunately, data published from ground investigations for the 

Crossrail Line 1 between Heathrow and Maidenhead include data from triaxial compression tests 

equipped with a local strain device, able to detect strains lower than 1% (Crossrail, 2009). Due to the 

extensive amount of data in combination with the heterogeneous nature of the Lambeth Group deposits, 

it is reasonable to use this data in the performed analysis. This makes it possible to consider the range that 

the small-strain stiffness parameters will realistically vary within. G0 and γ0.7 are varied to show how 

changes in each parameter affect the shape of the stiffness degradation curve in Figure 9 and Figure 10, 

respectively. By varying these parameters, it is hence possible to match the curves to data obtained from 

tests and deduce the values of G0 and γ0.7. This is done in Chapter 9.  
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 Sensitivity Analysis 7
A sensitivity analysis and parameter variation application is available in Plaxis. The sensitivity analysis portion was used to carry out the 

analysis in this thesis. The user can select parameters of interests and study the sensitivity with respect to displacements, stresses or safety 

factors at different phases in the construction process. The theory is quite simplistic and could be carried out manually by the user, by 

repeatedly calculating the construction phases using different inputs. However, using the sensitivity analysis program is advantageous as it 

saves time and reduces the possibility of human error. 

7.1 Background 

Sensitivity analyses study the effects that varying the input parameters will have on the output values 

(Saltelli, et al., 2008). In this thesis, numerical models are studied in order to make inferences about what 

happens to real tunnels during an excavation. As the model is a simplified version of reality, it is bound to 

contain certain sources of error that result in a discrepancy between the output obtained from that model 

and the measurements obtained at the actual excavation. When the ground movement monitoring is 

complete, it is useful to reconsider the results of the Plaxis analysis to understand which sources of error 

result in the largest discrepancies in order to minimize errors in future projects. 

Whitman (2000) suggests that although geotechnical parameters are often chosen based on engineering 

judgement, it is valuable to select parameters systematically, using “statistical and probabilistic methods”.  

This is crucial since perhaps the biggest challenge to Plaxis users is the choice of input parameters. These 

must be selected with careful consideration, if the model is to produce accurate results. One example is 

the stiffness parameter discussed earlier. In the MC material model, it is important to consider which 

stress state will be applicable because this will dictate the value of the stiffness parameter. In the HS and 

HSsmall material models, this issue is dealt with through the use of different stiffness parameters defined 

for different stress states.  

According to Whitman (2000) the mean and standard deviation should be determined for each variable. 

Similarly, the Plaxis sensitivity analysis requires a reference value, and a maximum and minimum value of 

each parameter considered. This takes into account the value that the parameter is expected to have, as 

well how much the value is likely to vary. In their article on probabilistic slope stability analysis for 

practice, El-Ramly et al. (2002) stress the hazards of relying too heavily on simplistic probability analysis 

by not accounting for the variability of soil properties. By allowing for too much variability it is possible to 

overestimate the likelihood of unwanted outcome. Whitman (2000) also mentions the dangers of relying 

too heavily on statistical analysis and disregarding experienced engineering judgment. For instance, if the 

statistical model is based on assumptions that do not accurately model the project in question, the results 

may also be unreliable.  

7.2 Theory 

The Plaxis sensitivity analysis application is being improved at the time that this thesis is written and the 

text in the Plaxis 2D Scientific Manual (2016) does not correspond to the current way that the program 

operates. The theory described in this section explains how the relative sensitivity is obtained in the 

current version of the program. However, future updates to the manual may use different notations. This 

section covers the theory behind the sensitivity analysis and introduces the concepts relative sensitivity, 

sensiscore and threshold value. 

A group of 𝑛 input parameters 𝑥𝑖 , 𝑥𝑖+1, … , 𝑥𝑛−1, 𝑥𝑛 are selected for the analysis. If the MC material 

model is used, these parameters could for instance correspond to 𝛾𝑠𝑎𝑡 , 𝐸′, 𝑐′𝑟𝑒𝑓 , 𝜑′, and 𝜓′. For each 

parameter, a reference value, 𝑥𝑖 , a maximum value, 𝑥i,𝑚𝑎𝑥, and a minimum value, 𝑥i,𝑚𝑖𝑛, is defined. A 
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group of 𝑟 criteria 𝐶𝑗 , 𝐶𝑗+1, … , 𝐶𝑟−1, 𝐶𝑟  are also chosen. On criterion 𝐶𝑗 could for instance correspond to 

the displacement in a specific point at a specific construction phase. From the analysis, output values 

fCi
(𝑥i,𝑚𝑎𝑥) and fCi

(𝑥i,𝑚𝑖𝑛) are obtained with respect the criterion 𝐶𝑗 . The difference in the results from the 

maximum and minimum input values Δ𝑥𝑖,𝐶𝑗 can then be expressed as: 

𝛥𝑥𝑖,𝐶𝑗 = |𝑓𝐶𝑖
(𝑥𝑖,𝑚𝑎𝑥) − 𝑓𝐶𝑖

(𝑥𝑖,𝑚𝑖𝑛)|     ( 7-1) 

The sum of Δ𝑥𝑖,𝐶𝑗  for all input parameters with respect to 𝐶𝑗 then becomes: 

𝑆𝑢𝑚𝑗 = ∑ 𝛥𝑥𝑖,𝐶𝑗
𝑛
𝑖=1      ( 7-2) 

The relative sensitivity or “sensiscore” 𝛼(𝑥𝑖) describes the effect of varying the input variable 𝑥𝑖  on the 

overall outcome for all criteria relative to the effect of the other input variables. 

𝛼(𝑥𝑖) = 100 (
𝛥𝑥𝑖,𝐶𝑗

𝑆𝑢𝑚𝑗
+

𝛥𝑥𝑖,𝐶𝑗+1

𝑆𝑢𝑚𝑗+1
+ ⋯ +

𝛥𝑥𝑖,𝐶𝑟−1

𝑆𝑢𝑚𝑟−1
+

𝛥𝑥𝑖,𝐶𝑟

𝑆𝑢𝑚𝑟
)

1

𝑛
   ( 7-3) 

Finally, a threshold value is chosen. This is the limit that decides which parameters should be considered 

significant to the calculations. For instance, the threshold value could be chosen to be 5%, and the results 

show that 𝛼(𝑥𝑗) = 2.2% and 𝛼(𝑥𝑗+1) = 6.7%. Then 𝑥𝑗+1 is considered significant to the results 

because it is larger than 5%, whereas 𝑥𝑗 is considered insignificant. The threshold value therefore helps to 

determine which parameters should be considered more carefully.   
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 Method 8
The method can be divided into four main parts: (1) All initial parameters and their respective ranges of appropriate variation were 

determined, (2) Plaxis 2D models were created using the MC and HSsmall material models and Plaxis 3D models were created using 

the MC material model, (3) a sensitivity analysis was completed using the 2D models and (4) a back-analysis was carried out.  

8.1 Initial input parameters 

The initial input parameters for the London Clay and Lambeth Group are studied closely, as these are 

assumed to have the greatest impact on the tunnel displacements.  Triaxial compression tests were carried 

out on samples from different depths in the London Clay layer. Using Plaxis SoilTest, fictional triaxial 

compression test curves corresponding to the input parameters were simulated. By changing the values of 

the input parameters to create curves similar to those obtained from the laboratory tests, it was possible to 

deduce which values accurately described the soil’s behaviour. As site-specific laboratory tests were not 

carried out on samples from Lambeth Group, published data (Crossrail, 2009) on laboratory tests from 

other sites were used as reference curves instead. 

A similar approach was used when determining the small-strain stiffness parameters 𝐺0 and 𝛾0.7. These 

parameters were used to plot small-strain stiffness degradation curves, using relationships presented in 

Chapter 6. The parameters values where then changed to create curves matching published data (Crossrail, 

2009).  Where laboratory tests were not sufficient or available to determine certain input parameters, 

published data or published correlations applied to laboratory results were used. In some other cases, 

published data was merely used to complement or verify the obtained results.  

8.2 Plaxis 2D and Plaxis 3D Models 

Models were created in Plaxis 2D and Plaxis 3D (Figure 11). A 2D section was chosen such that tunnels 

A, B and C were considered. 2D models are much less time consuming to create and calculate. 

Furthermore, 3D models generally require simplifications to be made. For instance, only the MC material 

model was used in the 3D case, whereas the MC and HSsmall material models were applied to the 2D 

section. Also, the complex groundwater profile, created difficulties in the geometry and was therefore also 

simplified in the 3D model. 

8.3 Sensitivity Analysis 

The 2D model was used when analysing the sensitivity of the soil parameters. Four main analyses were 

carried out: Two on the HSsmall model and two on the MC model, using Undrained A and Undrained B 

analysis. This determined which soil parameters were the most significant in estimating the magnitude of 

the tunnel displacements. The threshold level was set to 7%. By carrying out four separate analyses, it was 

also possible to judge the effect of using different modelling approaches (including different material 

models and different types of undrained analysis).  

The last factor considered, not accounted for in the original sensitivity analyses, was the influence of 

changing the groundwater level. The groundwater measurements were only taken from the basement slab-

levels of each building, which meant that no data exists for the soil above this layer, surrounding the site. 

A pore water pressure of approximately 95 kPa was recoded at a depth of – 5 mOD. Assuming a 

hydrostatic pore pressure profile, the groundwater level is located at 4.5 mOD. However, the results from 

standpipes and piezometer tests indicate a highly variable pore pressure profile for large portions of the 

measured depth. Furthermore, as all other ground investigations began at the basement slab-levels there is 
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a lack of information about the permeability of the upper soil layers. According to Crossrail (2009), the 

top layer of the London Clay Formation is often found to be “weathered or reworked”, extremely closely 

fissured and possibly containing sand and gravel from the River Terrace deposits.  This could indicate that 

the pore water pressure is likely to follow the hydrostatic line. However, due to the lack of information in 

this case, the influence of a raised ground water level is considered.  

8.4 Back-Analysis 

The monitoring data from The Project was used to plot the displacements along tunnels A, B and C. This 

was compared to the displacements found using the different material models. The difference shows how 

accurate the models were in predicting the tunnel displacements. The parameters found to be most 

significant, based on the sensitivity analysis, were selected. The initial input values, as well as the maximum 

and minimum values, were plotted against the respective displacements obtained from the sensitivity 

analyses. From this, it was possible to interpolate or extrapolate which value should be chosen to 

minimize the difference between the monitoring data and the modelled measurements.  The new 

displacements were then compared to the initial displacements to indicate the improvement. After this 

process was applied to the 2D model, the new input values were also applied on the 3D model to analyse 

whether the new values produced more accurate results in the 3D case as well. There are several 

limitations to this process of back-analysis, which are discussed in Chapter 11. 

 

 

Approximate location of 2D section 

Figure 11 - Models created in Plaxis 2D (left) and Plaxis 3D (right) 
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 Initial Input Parameters 9
Samples from four different boreholes at 38 different depths were analysed to determine bulk density, dry density and moisture content. 

Unconsolidated undrained triaxial compression tests were carried out on samples to determine axial strains, deviatoric stress and 

undrained shear strength at failure. Standard penetration tests (SPT) were carried out in six different boreholes around the site. A 

combination of these site investigations, laboratory tests, published correlations and published data have been used to make predictions 

about which values of the input parameters are realistic. Where this was not possible educated assumptions had to be made. This chapter 

describes how the parameters were evaluated and presents the values that are used in the analyses. 

9.1 Density and Moisture Content 

Data from Crossrail (2009) indicates that values of the bulk density fall between 1.9 Mg/m3 and 2.2 

Mg/m3 for the London Clay Formation. The report suggests using 2.0 Mg/m3 as an average value, 

corresponding to a unit weight of 19.6 kN/m3. According to Entwisle et al. (2013), a database including 

over 1500 values of the bulk density of the Lambeth group has shown that the majority of samples vary 

between 1.64 Mg/m3 (16.1 kN/m3) and 2.36 Mg/m3 (23.2 kN/m3). Additionally, the Lambeth Group bulk 

density has been shown to vary locally, but the differences tend to decrease with depth. Test results from 

the ground investigation report for The Project show that the bulk density varies from 1.89 Mg/m3 to 

2.19 Mg/m3, and the dry density from 1.51 Mg/m3 to 1.84 Mg/m3 for the entire depth (Figure 12). Due 

to the small differences in bulk density between the London Clay and Lambeth Group, the same value has 

been used in the analysis for both groups (𝛾𝑠𝑎𝑡 = 20 kN/m3, and is varied between 18.5 and 21.5 kN/m3 

in the sensitivity analysis).  
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Figure 12 - Bulk and dry density plotted against elevation, the minimum and maximum values of each set of data are labelled 
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9.2 Undrained Shear Strength and Effective Strength Parameters 

It is possible to model undrained behaviour using either Undrained (A) or Undrained (B) by using 

effective strength parameters, 𝑐′ and 𝜑′, and undrained shear strength, 𝑐𝑢, respectively. The undrained 

shear strength, 𝑐𝑢, was determined though unconsolidated undrained triaxial compression tests and 

through the correlation between 𝑐𝑢  and the value of 𝑁 obtained from SPT tests, 𝑐𝑢 ≈ 5𝑁 (Look, 2007). 

The results are plotted in Figure 13 along with values of 𝑐𝑢 obtained from SPT tests in the Crossrail 

(2009) report. Data from Entwisle et al. (2013) show that median values of the undrained shear strength 

(𝑐𝑢) for the Lambeth Group range between 112 kPa and 164 kPa, but overall values vary from 10 kPa to 

over 800 kPa. In Figure 13, the values of 𝑐𝑢 appear to vary between approximately 50 and 250 kPa for the 

London Clay and between 175 and 400 kPa for the Lambeth Group. There are a few values (> 500 kPa) 

of 𝑐𝑢  for the Lambeth Group that have not been included in the graph in order to make the figure easier 

to read and because they are not considered reliable. This is because the SPT tests were terminated after 

N=50, so values of N above this level were extrapolated linearly.  This resulted in very high values of N 

and very high values of 𝑐𝑢,which may not be representative.  
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According to Crossrail (2009), London Clay values of 𝑐′ were found to vary between 0 and 75 kPa in the 

A2 division. A value of 23º is suggested for 𝜑′, but reduces to 20º to account for fissures. Due to the 

heterogeneous nature of the Lambeth Group, the clay and sand components are often tested separately. 

The median values for the effective cohesion of the clay components Lambeth group is 𝑐′ = 9.5 𝑘𝑃𝑎 

from triaxial tests and 𝑐′ = 28 𝑘𝑃𝑎 from shear box tests (Entwisle, et al., 2013). The corresponding 

values for the sand are 𝑐′ = 14 𝑘𝑃𝑎 and 𝑐′ = 6.5 𝑘𝑃𝑎, respectively. The median values of the effective 

friction angles were 𝜙′ = 25° from triaxial tests and 𝜙′ = 23° from shear box tests. The corresponding 

values for the sand are 𝜙′ = 32°and 𝜙′ = 33°, respectively. Data from Crossrail (2009) suggests 𝜙′ =

28°, which falls somewhere between these values. According to Hight et al. (2004), fissures play an 

important role in the strength of the Lambeth group as well. Unfavourably oriented uncemented fissures 

will lead to failure at 𝑐′ = 0 𝑘𝑃𝑎 and 𝜙′ = 14.5°. Contrary to the relatively low values of 𝑐′ from 

Entwisle et al. (2013), Crossrail (2009) suggests that 𝑐′ varies between 0 and >200. In order to select an 

appropriate value of 𝑐′ pertaining to The Project, Plaxis SoilTest is implemented. The procedure is 

described in Chapter 9.5.  

9.3 Stiffness 

Butler (1975) suggests that for structures founded mainly on London Clay a relationship of the stiffness 

𝐸′ = 130𝑐𝑢  can be used and that 𝐸′will vary between 0.6𝑁 and 0.7𝑁. However, as the unloading 

behavior is more relevant to this analysis, a higher value was chosen for the stiffness modulus when using 

the MC material model. For the unloading modulus, Butler (1975) suggests that 𝐸𝑢 will vary between 

1.0𝑁 and 1.2𝑁  for strains above 0.1 and between 1.0𝑁 and 1.2𝑁  for strains below 0.1. Furthermore, the 

following relationships are often used by WSP and are also considered here: 

𝐸′ = 0.8𝐸𝑢 and 𝐸′ = 400𝑐𝑢     ( 9-1) 

𝐸′ = 0.8𝐸𝑢 and 𝐸′ = 800𝑐𝑢      ( 9-2) 

where, (9-1) applies to foundation settlement analysis and (9-2) applies to routine retaining wall analysis. 

These relationships are plotted in Figure 14, and from this graph, 𝐸𝑢 for London Clay can be deduced to 

vary between 20000 and 175000 kN/m2. The value of 𝐸𝑢 for the Lambeth Group varies between 75000 

and 250000 kN/m2. 

9.4 Poisson Ratio and Dilatancy Angle 

In the Plaxis material models manual, the value of 𝜈′𝑢𝑟 is recommended as 0.2 by default and suggested to 

vary between 0.15 and 0.25. The dilatancy angle is difficult to estimate. A common approach is to use  

𝜓 = 30° − 𝜑′.  

9.5 Triaxial Compression using Plaxis SoilTest 

The results from undrained triaxial compression tests on the London Clay and the curves produced using 

Plaxis SoilTest are plotted in Figure 15. As can be seen in the graph, the initial stiffness of the curves 

produced in Plaxis SoilTest are higher than in the curves from the laboratory tests. This is because the 

stiffness at very small strains cannot be accurately estimated using ordinary triaxial tests. Triaxial 

laboratory tests from The Project were only carried out on samples retrieved from depths corresponding 

to the London Clay layer. Therefore, the corresponding parameters for the Lambeth Group were obtained 

by matching the SoilTest curves to curves from published data from Crossrail (2009) (Figure 16).  
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The small-strain stiffness parameters were determined separately. This was done by matching the small-

strain degradation curves as described in Chapter 6 with published data from advanced triaxial tests 

equipped with local strain devices (Crossrail, 2009). The London Clay division A2 and Lambeth Group 

samples mainly containing the Upper and Lower Mottled Bed Formations were found at the site. 

Published data from these formations were used to plot the small-strain stiffness curves (Figure 17 & 

Figure 18).  
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9.6 Results from Standpipe and Piezometer Measurements 

Standpipes and piezometer instruments were used to measure groundwater levels before and during 

demolition and excavation (Figure 19). There were two main obstacles when interpreting the data to 

produce a pore pressure profile that could be used in the analyses. The first was the fact that all 

measurements were collected from the base of the two basement slabs. This meant that there was a lack 

of knowledge about the groundwater conditions around the site and in the top soil layers. The second 
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Figure 17 - Modified figure from Crossrail (2009) showing advanced triaxial test data for the London Clay Formation division A2. The dotted line 
shows the curve fitted using G0 = 50000 kN/m2 and γ0.7 = 0.00005. For the original figure, see Figure 9.68 (d) in Crossrail (2009). 

Figure 18 - Modified figure from Crossrail (2009) showing advanced triaxial test data for the Lambeth Group – Upper and Lower Mottled Beds. The 
dotted line shows the curve fitted using G0 = 50000 kN/m2 and γ0.7 = 0.00005. For the original figure, see Figure 11.57 in Crossrail (2009). 
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difficulty was the fact that no clear profile could be drawn from the results, as they were scattered 

irregularly.  

The resulting pore pressure profile was therefore deduced from a combination of the obtained 

measurements and experience. Numerous pore pressure profiles are plotted in Crossrail (2009) which all 

follow a similar trend (Appendix B). The lower, more granular part of the Lambeth group, the Upnor 

formation, tends to be drained. The made ground, Rive Terrace Deposits and the upper level of the 

London Clay Formation tend to follow the hydrostatic line. Below this, there is underdrainage due to the 

drained section of the Lambeth Group. The Thanet Sands exhibit mostly hydrostatic pore pressure.  

There is evidence to support that these trends also appear in this project. Two points around - 38 mOD 

are completely dry. Some values of around 95 kPa are obtained at a depth of -5 mOD, suggesting that the 

groundwater level is at approximately 4.5 mOD if the pore pressure is hydrostatic. A cluster of points 

around -20 mOD at approximately 100 kPa show underdrainage rather than a hydrostatic pore pressure 

profile from the similar values at -5 mOD. This also indicates that drainage is occurring below.  
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 Sensitivity Analysis Results 10
This chapter presents the results of the sensitivity analysis and back-analysis of the input parameters. The analysis is carried out on the 

2D-models and the results are applied to the 3D model as well. Finally, the impact of changing the groundwater level is investigated.  

10.1 Plaxis 2D – Mohr-Coulomb 

The sensitivity analysis on the MC model, considering the London Clay and Lambeth Group input values, 

indicates that that the soil stiffness is the primary variable affecting the tunnel displacements. This is true 

for both the Undrained (A) (Figure 20) and the Undrained (B) (Figure 21) analyses. Using the Undrained 

(A) approach, the stiffness of the London Clay and the Lambeth Group received sensiscores of 61 and 31 

respectively. In the Undrained (B) analysis, the corresponding values were 63 and 30. 
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10.2 Plaxis 2D - Hardening Soil with Small-Strain Stiffness 

Using the Undrained (A) approach, the sensiscores that exceeded the 7% threshold value for the London 

Clay were 𝛼(𝐺0
𝑟𝑒𝑓

) = 9% and 𝛼(𝛾0.7) = 8% (Figure 22). The Lambeth Group parameters 𝛼(𝑚) = 7%, 

𝛼(𝑐′𝑟𝑒𝑓) = 17% , 𝛼(𝐺0
𝑟𝑒𝑓

) = 13%  and 𝛼(𝛾0.7) = 12% also exceeded the threshold level.  

When applying the Undrained (B), only 𝛼(𝐺0
𝑟𝑒𝑓

) = 7% reached the threshold level in the London Clay, 

whereas 𝛼(𝐸50
𝑟𝑒𝑓

) = 27%, 𝛼(𝐺0
𝑟𝑒𝑓

) = 13% and 𝛼(𝛾0.7) = 17% exceeded the threshold in the Lambeth 

Group (Figure 23). 
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10.3 Monitoring Results  

The monitoring results from targets above the electrolevels within the tunnels were plotted along the 

lengths of tunnels A, B and C. In Figure 24, the entire length of tunnel A is graphed. The dashed-lined 

squares are showing the approximate location of the places where the tunnel is intersected by other 

tunnels (Figure 24 & Figure 25). The monitored movement of the middle section of tunnel A, from 

approximately 45 m to 95 m, is also plotted separately (Figure 26). From these graphs, it is evident that the 

largest monitored deflection of 28 mm occurs near the end of the tunnel (at approximately 130 m). The 

maximum monitored value was used in the back-analysis. The displacement at the location of the 2D 

section is approximately 9.6 mm and the maximum displacement in the middle section of the tunnel is 

roughly 21 mm. The displacements of tunnel B are the highest at the end of the tunnel, roughly 4.5 mm. 

At the 2D-section, the displacements are less than 2 mm (Figure 28). The displacements at Tunnel C are 

also relatively small. The maximum is 4.7 mm and the displacement is just over 1.5 mm where at the 2D-

section (Figure 29). 
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10.4 Plaxis 2D Tunnel Displacements vs. Monitoring Tunnel Displacements 

All the models and approaches used appear to overestimate the displacements of all tunnels. When using 

the Undrained (A) approach (Figure 29), the HSsmall model predicts slightly higher values than the MC 

model in Tunnels A and B, and slightly lower in Tunnel C. The HSsmall model also returns higher values 

in the Undrained (B) analysis (Figure 30), and the difference between the models is greater than in the 

Undrained (A) analysis. The results from the MC models are roughly the same using both Undrained (A) 

and Undrained (B). There is a more significant difference between the HSsmall models. The HSsmall 

model, using Undrained (B) yields the largest predicted displacements.  
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10.5 Back-Analysis – 2D 

The parameters found to be the most significant in the sensitivity analysis were adjusted to produce more 

accurate results. The back-analysis was performed on the 2D and 3D models using the MC material model 

and the Undrained (A) approach. The values of 𝐸′ for the London Clay and Lambeth Group were plotted 

against their respective displacements obtained through the sensitivity analysis (Figure 31 & Figure 32). If 

the London Clay parameter 𝐸′ was increased from 60000 to 70000 kN/m2 and the Lambeth Group 

parameter 𝐸′ was increased from 100000 to 108000 kN/m2, the displacement for tunnel C was found to 

match the maximum obtained displacement. However, the displacement of tunnels B and C were still 

approximately 10 mm too high.  
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10.6 Back-Analysis – 3D 

The deformed mesh of the 3D tunnel system is shown in Figure 33. The results of the 3D analysis show 

that the 3D model underestimates the maximum movement obtained from the monitoring data (Figure 

34). The displacements of Tunnels B and C are predicted more accurately using the 3D model (Figure 35 

& Figure 36).  
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10.7 Varying Groundwater Level 

The MC model and the HSsmall model were considered, using both Undrained (A) and Undrained (B) 

approaches. The groundwater level was increased until it reached the ground level. The displacement of 

each tunnel was plotted at each groundwater level (Figure 37). The results indicate that the differences 

between the types of analyses have a greater impact on the displacement than a changing groundwater 

level does. All tunnel displacements differed by less than 1 mm due to changes in groundwater level. 
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 Analysis and Discussion 11

11.1 Sensitivity Analysis using the MC and HSsmall Models 

In the MC model, the variables 𝐸′ in the London Clay and 𝐸′ in the Lambeth Group are, as expected, the 

only parameters to exceed the threshold level. The London Clay stiffness appears the be more significant 

to the results than the Lambeth Group stiffness, which was also expected since the tunnels are located in 

the London Clay layer.  

When the HSsmall model with Undrained (A) analysis is used, however, the Lambeth group parameters 

appear to have a higher impact than those of the London Clay. This might be explained by the very 

heterogeneous nature of the Lambeth Group, as discussed by Entwisle et al. (2013) and Royse et al. 

(2012). For instance, according to Crossrail (2009), the variability of the effective strength parameter 𝑐′ is 
more than twice as large for the Lambeth Group as for the London Clay. As discussed in Chapter 7, 

Whitman (2000) suggests that a mean and standard deviation be used to indicate the variability of the soil. 

The range selected for the sensitivity analysis in this thesis included the maximum and minimum values of 

each parameter, based on the variability of that parameter. Perhaps, this range included extreme values 

that were not statistically significant. Such extreme values may only occur occasionally in samples from a 

soil with such high variability. The fact that this variability is so large suggests that it is even more 

important to have borehole data from the site of the considered project, rather than to rely on published 

data.  

The HSsmall sensitivity analysis, using the Undrained (B) approach, indicated that 𝑐𝑢 is less significant, 

relative to the other parameters, than 𝑐′ is in the Undrained (A) analysis. In this case, the variability was 

evaluated from the measurements performed at the actual site and may be more accurate than the range 

suggested by for 𝑐′ by Crossrail (2009). Both the Undrained (A) and Undrained (B) HSsmall analyses 

indicated that the small-strain stiffness variables were significant to the result. As this study concerns 

tunnel displacements far from soil failure, it is not surprising to find that the small-strain stiffness is 

important. A somewhat surprising result was that the Lambeth Group parameter 𝐸50
𝑟𝑒𝑓

received such a 

high sensiscore in the Undrained (B) analysis, despite small-strain stiffness being expected to play a larger 

role. One explanation for this is that the chosen range of 𝐸50
𝑟𝑒𝑓

 is relatively large. 

The material models used in the analysis could not accurately depict some of the characteristics of the 

actual soil layers. For instance, the heavily heterogeneous nature of the Lambeth Group, discussed in 

Chapter 3, was assumed to be homogeneous in the material models. Furthermore, there was an almost 

linear increase in the undrained shear strength with depth of the London Clay. Although it is possible to 

model this, it was easier to carry out the sensitivity analysis if 𝑐𝑢 was assumed constant through the whole 

layer. The expansibility of the London Clay when exposed to water, due to its smectite content, is also not 

accounted for in the material model. This makes the clay layer susceptible to changes in the groundwater 

level. When considering the unclear and varied groundwater profile, this may be even more relevant. The 

prevalence of fissures and sand channels through the London Clay and the Lambeth Group may also 

supply concentrated water flow, causing local swelling. If the expansive changes due to water are 

comparable to the magnitude of heave due to unloading of the soil, there is reason to question the overall 

validity of the models.  
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11.2 Monitoring data 

The interpretation of the monitoring results is somewhat subjective, especially in the case of tunnel A. 

Tunnel A is made up of three sections of reinforced concrete, divided by shorter sections where the 

tunnel in intersected by cast iron tunnels. One could choose to only consider the results of the middle 

section, which is the section that is intersected by the chosen 2D-section. Another approach is to consider 

the entire tunnel. It is found that the largest displacements do not occur in the middle section, but near 

the end of the tunnel. The other two tunnels (B and C) do not have the same problem. These tunnels are, 

however, also connected to another tunnel and to shafts, which inevitably affects the displacements. This 

is not accounted for in the 2D analysis. None of the tunnels display the greatest displacements near the 

sections intercepted by the 2D-section. 

11.3 Plaxis 2D vs. Monitoring Data 

In all models, the displacements are overestimated. The MC model is meant to give a rough first estimate, 

whilst the HSsmall model should give more accurate results. However, the two models gave relatively 

similar results and the HSsmall model actually generally resulted in slightly larger displacements. This is 

probably due to the fact that the unloading stiffness, rather than E50,  was used in the MC model. The 

triaxial compression curves (Figures 15 -17) used to select the stiffness parameters show that by selecting a 

high initial stiffness, there is a strain range where the MC model assumes a higher stiffness at small strains 

than the HS curve does. This may explain the smaller displacements.  

11.4 2D Back-Analysis 

The back- analysis indicated that it was not possible to change the most significant parameters in order to 

rectify all discrepancies between the model and the monitoring data. It was possible to adjust the values to 

match the displacements of Tunnel A. However, the model repeatedly overestimated the displacements in 

tunnels B and C.  

Tunnel A is made up of reinforced concrete and Tunnels B and C are made of cast iron. As the problem 

appears to exist for the iron cast tunnels, this indicates that there may be a problem with the input data of 

the tunnels rather than of the soil parameters. If this is the case, a back analysis on the soil parameters may 

be more harmful than helpful as it would produce inaccurate soil values. If these are used in future 

projects, where the tunnel parameters are correct, the model may heavily underestimate the displacements. 

Another danger of the back analysis is that the models are simplified versions of the soil. For instance, as 

discussed in the beginning of this chapter, the London Clay may expand for reasons not related to 

unloading.  

11.5 2D vs. 3D Analysis 

The complex geometry in this project made a purely 2D analysis difficult to justify. There was no section 

through several tunnels that could be considered to act under plane strain conditions. There was also no 

section that could intersect all tunnels. Furthermore, the shafts connecting some of the tunnels to the 

ground-level added some additional stiffness, which would be difficult to model in a 2D case.  

Despite their shortcomings, the 2D models are much faster to run and easier to perform a sensitivity 

analysis on. The process of creating a 3D model was significantly more time-consuming. Due to the 

complex nature of the program, the 3D model also required simplifications. For an unexperienced 

geotechnical engineer, such simplifications are difficult to make and even more difficult to judge the 

impact of. One such simplification was that the 3D case was only modelled using the MC material model. 
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Although the back-analysis produced more accurate results in the 2D case, the same changes did not 

necessarily correspond to improved values in the 3D case. The increased stiffness did decrease all 

displacements somewhat, but this produced a worse result in the case of tunnel A, as the displacements of 

that tunnel were already underestimated by the 3D model. 

11.6 Groundwater 

The groundwater level was difficult to determine for a number of reasons. One obstacle was the fact that 

all groundwater data had been collected from below the basement slab level. This is below the 

surrounding ground level and groundwater level. The second issue was the spread of data points registered 

from the piezometers and the standpipes. There was no clear trend to follow when interpreting the 

groundwater profile. However, there was some evidence to support the chosen profile. Published data 

from (Crossrail, 2009) suggest a profile that fit the data, considering the dry sections of the Lambeth 

Group. Crossrail (2009) also discussed the more granular deposits often found in the upper layers of the 

London Clay and the finely fissured nature in this part of the formation. This suggests that adopting a 

hydrostatic profile at this depth may be realistic.  

The results of this analysis indicate that the choice of material model and the type of undrained (A or B) 

analysis has a greater impact on the displacements than the groundwater level does. This suggests that 

more focus should be put on the input parameters of the material models than on the exact positon of the 

ground water level. In fact, the differences in displacements caused by changing the groundwater level 

were found to be less than 1 mm in all models. It is important to emphasize that this result does not entail 

that an accurate groundwater irrelevant. It is likely that it would have been more significant if the analysis 

considered the deflections of the retaining walls, for instance. However, in terms of the tunnel 

displacements, the unclear groundwater level does not appear to be the cause for discrepancies between 

the models and monitoring data.  

11.7 Limitations 

A major issue with this type of analysis is the fact that many variables are not considered. These factors 

could prove to be more relevant to the final result than the ones analysed. Naturally, a Master’s Thesis is 

restricted by time and depth. This thesis focuses on the soil parameters, but the Plaxis sensitivity analysis 

and parameter variation application is also able to consider the input parameters of structures. It is 

possible that the tunnel stiffness is more important than the soil parameters when determining tunnel 

movements. As mentioned in the Introduction, the importance of tunnel stiffness was considered by 

Zhang et al. (2013). It determines how much the tunnel follows the soil deformations. The tunnels in this 

project were several decades old and several parameters, such as the strength concrete reinforcement, 

could not be relied upon. Furthermore, the monitoring data and the sensitivity analysis focus on the 

displacements of the tunnels, while the material models concern the mechanical behaviour of the soil. The 

interaction between the soil and the tunnels was not considered in the sensitivity analysis, but may play an 

important role in the accuracy of the predicted tunnel displacements. 
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 Concluding remarks 12
 

The Project studied in this thesis is complex in many aspects. The geometry is complicated, the soil is 

heterogeneous and the groundwater profile in unclear. To determine the cause of discrepancies between 

models of the site and the monitoring data is challenging because of the large number of factors that play 

a role. This thesis focused on a few of those factors, in order to give an indication as to what will or will 

not affect the results. The results showed that the unclear groundwater level did not impact the result 

significantly. The sensitivity analysis indicated that the most important parameters were the stiffness 

parameters and the effective cohesion. The results also showed a clear difference between the 3D and 2D 

analysis, stressing the importance of considering the 3D-effects in a complex geometry like this one. 

Another important conclusion is that there are dangers to blindly using back-analysis to improve the 

values of the input parameters. A safer approach is to rely on the results from a sensitivity analysis to 

identify which parameters are most worth studying carefully in the future. 

This thesis is limited by the fact that it only studies one project and focuses on a fairly narrow set of 

parameters. However, the method of using a sensitivity analysis to identify factors that are significant is 

valuable as it can be repeated on numerous projects in similar geology to strengthen or to challenge the 

results and conclusions drawn. As mentioned above, the structural parameters should also be studied 

more closely. Furthermore, the variations of the different parameters should be within statistically realistic 

limits. Although these results cannot be applied to other places, with different soil conditions, the same 

methodology could be used to study the effectiveness of other Plaxis models in other regions of the 

world.  

Perhaps the most interesting lesson to learn from this analysis is the importance of obtaining the correct 

input parameters. Proper ground investigations and laboratory tests are invaluable to a Plaxis analysis. 

Without proper input parameters, the results of a Plaxis analysis are arguably irrelevant.  
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 Appendix 14
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A. Combined Demolition and Excavation Loads 
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B. Published Pore Pressure Profiles 

Several pore pressure profiles obtained from piezometer tests are published in Crossrail (2009), containing 

complied data from 1992 to 1998. 
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C. Parameter Values used in Sensitivity Analysis 

Appendix Table 1 - Input values for London Clay (MC, Undrained A) 

Variable Unit Minimum value Input value Maximum value 

𝛾𝑠𝑎𝑡 𝑘𝑁
𝑚3⁄  18.5 20 21.5 

𝐸′ 𝑘𝑁
𝑚2⁄  20000 60000 175000 

𝜈′ – 0.15 0.2 0.25 

𝑐’ 𝑘𝑁
𝑚2⁄  0 20 75 

𝜑′ ° 20 23 26 

𝜓 ° 0 0 0 

 

Appendix Table 2 - Input values for London Clay (MC, Undrained B) 

Variable Unit Minimum value Input value Maximum value 

𝛾𝑠𝑎𝑡 𝑘𝑁
𝑚3⁄  18.5 20 21.5 

𝐸′ 𝑘𝑁
𝑚2⁄  20000 60000 175000 

𝜈′ – 0.15 0.2 0.25 

𝑐𝑢 𝑘𝑁
𝑚2⁄  50 220 250 

 

Appendix Table 3 - Input values for London Clay (HSsmall, Undrained A) 

Variable Unit Minimum value Input value Maximum value 

𝛾𝑠𝑎𝑡 𝑘𝑁
𝑚3⁄  18.5 20 21.5 

𝐸50
𝑟𝑒𝑓

 𝑘𝑁
𝑚2⁄  4000 9000 13000 

𝐸𝑜𝑒𝑑
𝑟𝑒𝑓

 𝑘𝑁
𝑚2⁄  5000 9000 9500 

𝐸𝑢𝑟
𝑟𝑒𝑓

 
𝑘𝑁

𝑚2⁄  22000 26000 30000 

𝑚 – 0.5 0.95 0.98 

𝜈′𝑢𝑟 – 0.15 0.2 0.25 

𝐺0
𝑟𝑒𝑓

 𝑘𝑁
𝑚2⁄  40000 50000 90000 

𝛾0.7 – 0.00001 0.00005 0.0001 

𝑐’ 𝑘𝑁
𝑚2⁄  0 50 75 

𝜑′ ° 20 23 26 

𝜓 ° 0 3 7 
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Appendix Table 4 - Input values for London Clay (HSsmall, Undrained B) 

Variable Unit Minimum value Input value Maximum value 

𝛾𝑠𝑎𝑡 𝑘𝑁
𝑚3⁄  18.5 20 21.5 

𝐸50
𝑟𝑒𝑓

 𝑘𝑁
𝑚2⁄  15000 20000 22500 

𝐸𝑜𝑒𝑑
𝑟𝑒𝑓

 𝑘𝑁
𝑚2⁄  16000 20000 20500 

𝐸𝑢𝑟
𝑟𝑒𝑓

 𝑘𝑁
𝑚2⁄  42000 45000 50000 

𝑚 – 0.5 0.95 0.98 

𝜈′𝑢𝑟 – 0.15 0.2 0.25 

𝐺0
𝑟𝑒𝑓

 𝑘𝑁
𝑚2⁄  40000 50000 90000 

𝛾0.7 – 0.00001 0.00005 0.0001 

𝑐𝑢 𝑘𝑁
𝑚2⁄  50 220 250 

 

Appendix Table 5 - Input values for Lambeth Group (MC, Undrained A) 

Variable Unit Minimum value Input value Maximum value 

𝛾𝑠𝑎𝑡 𝑘𝑁
𝑚3⁄  18.5 20 21.5 

𝐸′ 𝑘𝑁
𝑚2⁄  75000 100000 250000 

𝜈′ – 0.15 0.2 0.25 

𝑐’ 𝑘𝑁
𝑚2⁄  0 30 200 

𝜑′ ° 20 28 32 

𝜓 ° 0 0 0 

 

Appendix Table 6 - Input values for Lambeth Group (MC, Undrained B) 

Variable Unit Minimum value Input value Maximum value 

𝛾𝑠𝑎𝑡 𝑘𝑁
𝑚3⁄  18.5 20 21.5 

𝐸′ 𝑘𝑁
𝑚2⁄  75000 100000 250000 

𝜈′ – 0.15 0.2 0.25 

𝑐𝑢 𝑘𝑁
𝑚2⁄  175 270 400 
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Appendix Table 7 - Input values for Lambeth Group (HSsmall, Undrained A) 

Variable Unit Minimum value Input value Maximum value 

𝛾𝑠𝑎𝑡 𝑘𝑁
𝑚3⁄  18.5 20 21.5 

𝐸50
𝑟𝑒𝑓

 𝑘𝑁
𝑚2⁄  5000 15000 19000 

𝐸𝑜𝑒𝑑
𝑟𝑒𝑓

 𝑘𝑁
𝑚2⁄  7000 15000 16000 

𝐸𝑢𝑟
𝑟𝑒𝑓

 𝑘𝑁
𝑚2⁄  37000 38000 50000 

𝑚 – 0.6 0.95 0.98 

𝜈′𝑢𝑟 – 0.18 0.2 0.25 

𝐺0
𝑟𝑒𝑓

 𝑘𝑁
𝑚2⁄  40000 60000 90000 

𝛾0.7 – 0.00001 0.00005 0.0008 

𝑐’ 𝑘𝑁
𝑚2⁄  0 100 200 

𝜑′ ° 20 28 32 

𝜓 ° 0 2 4 

 

Appendix Table 8 - Input values for Lambeth Group (HSsmall, Undrained B) 

Variable Unit Minimum value Input value Maximum value 

𝛾𝑠𝑎𝑡 𝑘𝑁
𝑚3⁄  18.5 20 21.5 

𝐸50
𝑟𝑒𝑓

 𝑘𝑁
𝑚2⁄  11000 33000 35000 

𝐸𝑜𝑒𝑑
𝑟𝑒𝑓

 𝑘𝑁
𝑚2⁄  20000 33000 35000 

𝐸𝑢𝑟
𝑟𝑒𝑓

 
𝑘𝑁

𝑚2⁄  50000 70000 60000 

𝑚 – 0.6 0.95 0.98 

𝜈′𝑢𝑟 – 0.18 0.2 0.25 

𝐺0
𝑟𝑒𝑓

 𝑘𝑁
𝑚2⁄  40000 60000 90000 

𝛾0.7 – 0.00001 0.00005 0.0008 

𝑐𝑢 𝑘𝑁
𝑚2⁄  175 270 400 

 

 




