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ABSTRACT 

Driving piles into soft deposits can result in two major effects: besides heave, lateral soil displacements 

should be considered due to the influence on the integrity of already installed infrastructures. In this 

dissertation, the data regarding a Case Study of a quay wall that presented an abnormal deviation after 

the installation of a set of bearing piles in its active side was considered to develop a sensitivity analysis 

on the reliability of two analytical approaches: Cavity Expansion Method (CEM) and Shallow Strain-Path 

Method (SSPM). The analytical approaches allowed the estimation of the contribution of each bearing 

pile row to the movement of the quay wall; this estimation was used as calibration tool to develop a 2D 

finite element analysis (FEA) to module the bearing pile installation process, which was done by applying 

a volume expansion in each bearing pile row to match the correspondent estimation done by the 

analytical approaches. The FEA was developed considering information regarding the construction 

sequence and the soil parameters. It was concluded that both analytical approaches enable fair 

estimations on lateral displacements at small distances. However, in far-field conditions, the results are 

clearly overestimated, particularly through the CEM. The CEM also overestimates the volume expansion 

values obtained in the FEA for each row in the order of 50%-70%. The FEA analysis also enabled the 

conclusion that the construction process should have been different. Further investigation should be 

carried regarding the plugging effect, which was detected in the bearing piles, and 3D driven pile 

installation. 

Keywords 

Driven pile installation; Retaining wall deviation; Lateral soil displacements; Cavity Expansion Method; 

Shallow Strain-Path Method; Volume expansion of soil 
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RESUMO 

Cravar estacas em depósitos pode originar dois efeitos: além de deslocamentos verticais, os horizontais 

devem ser considerados dada a sua influência na integridade de infraestruturas existentes. Nesta 

dissertação, foram considerados os dados acerca de um Caso de Estudo sobre um muro de suporte 

que apresentou deslocamentos horizontais anormais após a cravação de estacas a tardoz de forma a 

apoiarem uma análise de sensibilidade em torno da aplicabilidade de duas abordagens analíticas: 

Cavity Expansion Method (CEM) e Shallow Strain-Path Method (SSPM). As abordagens analíticas 

permitiram a estimação do contributo de cada fila de estacas para o movimento do muro; esta 

estimação foi usada para calibrar uma análise bidimensional em elementos finitos (FEA) para simular 

o processo de cravação de estacas, que foi feito através da aplicação de uma expansão volumétrica 

em cada fila usando como critério as correspondentes estimações das abordagens analíticas. A FEA 

considerou informações acerca do processo construtivo e de parâmetros de solo para ser desenvolvido. 

Foi possível concluir que ambas as abordagens analíticas permitem obter estimações razoáveis dos 

deslocamentos horizontais do solo em pequenas distâncias. Contudo, à medida que as distâncias 

aumentam, os resultados aparentam ser sobrestimados, particularmente através do CEM. Este também 

sobrestima os valores da expansão volumétrica obtidos no FEA para cada fila na ordem de 50%-70%. 

A FEA também permitiu concluir que o processo construtivo deveria ter sido distinto. Foi sugerida 

investigação futura acerca do efeito de plugging, que foi detetado na cravação das estacas/tubos. 

Palavras-chave 

Instalação de estacas cravadas; Deslocamentos horizontais em muros; Deslocamentos horizontais no 

solo; Cavity Expansion Method; Shallow Strain-Path Method; Expansão volumétrica do solo 
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1 INTRODUCTION 

1.1 Motivation 

Driven piles, such as precast concrete piles, steel sections or timber piles, are a cost-effective foundation 

solution for a lot of projects. Therefore, are commonly used as a foundation method in many countries 

with difficult ground conditions. This type of pile has the advantage that the pile element can be 

thoroughly inspected before driving and that quality control is easy to organize and enforce (Fleming et 

al, 2009). Driving piles into soft deposits of clay and silt can result in two major effects: the most 

commonly observed is heave of the ground surface. However, it is important to measure the lateral 

displacements due to pile driving which despite being more difficult to detect than heave, can jeopardize 

the integrity of already installed infrastructures (such as other piles, for example). Most design engineers 

focus on the axial capacity of piles without considering the potentially negative effects associated with 

pile driving, such as vibrations and soil displacement (Massarsch & Wersall, 2013) 

In Portugal, this technique started being considered as a measure to stabilize soils in depth, with a 

massive installation of driven timber piles in the downtown area of Lisbon (Baixa Pombalina) after the 

1755 earthquake. Inconvenient issues such as noise and significant vibrations developed due to the 

driving process led to little consideration and usage of this foundation alternative in a lot of 

circumstances. However, the evolution of this technique (for example, due to the adoption of foam layers 

to absorb noise and metal/rubber external barriers) has enabled a drastic reduction of noise and 

vibration levels due to its execution, contributing to the gradual highlight of its main advantages (speed 

of execution and significant quality control regarding the materials used, dimensions and positioning) 

(Brito, 1999).  

1.2 Topic Overview 

Piles are often driven next to existing structures, which may influence the already installed structures, 

for example, endangering the bearing capacity of the whole construction. This dissertation takes into 

account an issue that was detected in a dock structure (quay wall): after installing the retaining wall dock 

structure, the soil on the active side of the wall was reinforced with the installation of a set of driven 

bearing piles (18 rows of 24 piles on a grid of 2.5 x 2.5 meters) in order to serve as the foundation 

solution to the heavy duty working platform behind the quay wall. Despite reports relating to the Case 

Study stating that the works were properly monitored, when preparing to cast the final section of heavy 

duty pavement on the five rows of piles immediately behind the quay wall, a movement of about 350 

mm in the out-of-plane direction of the wall was verified.  

Following the interruption of the works, the problem was analysed by the project designers in terms of 

site investigation, soil boundaries and properties, groundwater table position, misalignment of 

construction sequence and load distribution with the design intents, construction quality in the context 
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of the specifications and even in terms of possible software error. Since none of these potential problems 

was revealed as a direct cause to this issue, the installation of the bearing piles started to be analysed 

more carefully.  

Since there was information regarding the final movement of each retaining wall pile after the installation 

of five rows of driven bearing piles behind the wall, it was possible to use the information of this Case 

Study to serve as a comparison tool to a more specific analysis, which was then focused on the 

contribution of the bearing pile installation process to the retaining wall deviation in terms of lateral 

displacements. The topic of the induced lateral displacements due to driven pile installation was then 

analysed considering two main methodologies: the use of analytical approaches in order to understand 

if they could be considered as pertinent estimation tools to this type of movements and the consideration 

of a finite element analysis which used the available information on the reports to be undertaken (in 

terms of geotechnical information and construction sequence) and the analytical approaches as 

calibration tools for modelling process of the bearing pile installation. PLAXIS 2D was used for this study 

and it is a two-dimensional (2D) small-strain finite element formulation. 

1.3 Objective 

The analytical approaches were used in the Case Study, described and analysed with the following 

objectives: 

• Estimate the out-of-plane deviation provoked by the installation of each driven pile in the retaining 

wall;  

• According to the plane strain approach being considered in this analysis, calculate the contribution 

of each row of driven piles to the out-of-plane deviation of the retaining wall.  

Following the consideration of the analytical approaches, the finite element analysis was developed with 

the following goals: 

• Simulate the installation of driven piles by applying volumetric strains to clusters of soil in order to 

reproduce the observed horizontal displacements of the retaining wall; 

• Understand whether the analytical approaches to calculate horizontal displacements due to pile 

installation can be used as pertinent calibration tools in order to analyse the contribution of driven 

pile installation in the out-of-plane movement of a retaining wall; 

• Obtain and analyse the impact of the simulation of the installation process on the retaining wall in 

terms of out-of-plane deviation, bending moments, shear forces and anchor forces; 

• Provide recommendations regarding the need for mitigation measures and options. 

In general terms, this dissertation considers the measured values of a specific Case Study in order to 

develop a sensitivity analysis on the reliability of the considered analytical approaches to estimate lateral 

displacements. 
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1.4 Thesis Outline 

The organization of this master thesis comprises the following themes: 

• Driven Piles Installation Effects: The effects of pile driving in clay can be divided into two main 

categories: the first one is related to the deformation of soil surrounding the pile, which considers 

the existence of ground heave, pile heave and lateral movement of the ground; the second one is 

related to the alteration of soil properties due to driving. In this chapter, a review of these different 

effects of driven pile installation is presented, not only in terms of the respective recorded evidences, 

but also regarding the analytical approaches considered to analyse these phenomena. Besides, 

some information is also presented regarding the influence of driven pile installation on the 

properties of soils. Finally, this chapter also introduces the effect of plug due to pile driving, which 

is very relevant in open-ended piles and can introduce significant alterations in the behaviour of the 

surrounding soil and of the structural elements which rely on these piles; 

• Analysis of Installation Effects: In terms of analytical approaches, this chapter will develop a first 

glance of the practical consideration of two analytical methodologies presented previously 

concerning the analysis of pile induced lateral movements. In this case, the “Cavity Expansion 

Method” and the “Shallow Strain-Path Method” will be considered in the same geometry so that the 

respective results can be compared and validated. 

• Case-Study: After introducing and using the referred methodologies to estimate the lateral 

displacements due to driven pile installation, this chapter enables the application and subsequent 

comparison of these analytical results to measurements taken from a real situation. In this chapter, 

a Case Study will be considered: a quay/retaining wall was affected by a significant out-of-plane 

deviation due to the installation of several rows of bearing piles in its active side in order to serve as 

a foundation solution to a platform for the quay wall. The chapter will start by introducing the 

geometry of the problem, as well as some important considerations regarding the construction 

sequence. Potential causes for the wall movement will then be presented, which will be followed by 

the consideration of the analytical approaches in the geometry of this problem. This first analysis 

considering the Cavity Expansion and the Shallow Strain-Path Methods will function as calibration 

tools in order to establish a plane strain analysis of the influence of bearing pile row in the movement 

of the retaining wall. 

• Conclusions: Present a summary and the main conclusions regarding the presented work which are 

focused, not only on the comparative analysis between the analytical adopted analytical approaches 

and the subsequent finite element analysis, but also on the problem presented in the Case Study. 

This section of the work will also be dedicated to list a set of future developments that should be 

considered regarding the topic of lateral displacements. There is a specific focus on the effects of 

plug on horizontal displacements due to pile driving and the consideration of a three-dimensional 

analysis in order to reproduce with more accuracy the effects of pile driving in terms of lateral 

displacements. 
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2 DRIVEN PILES INSTALLATION EFFECTS 

2.1 Vertical Deformations 

Driving piles leads to soil displacement. Since it is unrestrained in the vertical direction at the ground 

surface, a part of this displaced soil moves upward. The upwards vertical soil movement at the surface 

is commonly known as heave. 

2.1.1 Evidence of Ground Heave 

In Table 1 there is a compilation of some case study evidence that confirmed the existence of ground 

heave. 

Table 1 – Observations of ground heave (adapted from Gue, 1984) 

Author Year Observation/Description 

Avery & Wilson 1949 
Heave within the foundation generally seems to vary between 60% of the 
total volume of the piles to 30% for a soft sensitive clay. 

Zeevaert 1950 

Reported a value of ground heave of 12 inches (330 mm) in the center of 
a group of wooden piles driven to a depth of approximately 110 feet (33.5 
m) into soft volcanic clay. It took about one month for the heaved soil to 
return to its original position due to the consolidation process that follows 
heave. 

Cummings et al 1950 

The proportion of the total volume of heave to the total volume of 
embedded piles which appears as ground heave within the plan area of a 
foundation has been found to be about 50% for driven cast in situ concrete 
piles in soft blue clay.  

Hagerty 1969 

Reported results from field measurements of soil heave while driving a pile 
group in clay. Based on field observations, it was suggested that soil 
movement close to the driven pile occurs almost exclusively in the vertical 
direction, decreasing with the increase of the distance from the pile. 

Adams and 
Hanna 

1971 

Steel H-piles in a firm till, where all the embedded volume appeared as 
heave. 

Hagerty and 
Peck 

Reached the same results reported by Cummings et al (1950), and 
concluded that surface heave is a function of pile length. 

Fellenius 

Described the displacement of the soil that took place during the driving of 
two piles (L = 40 m, D = 33 cm) in soft sensitive clay. The movement of the 
soil was measured during driving by three flexible settlement gauges 
placed at various distances from the piles. The heave of the ground surface 
caused by driving was 2 cm at a distance of 0.1 m from the piles and 0.5 
cm at a distance of 5 to 11 m. the settlement gauges which were located 
close to the pile (distance of 0.1 m) indicated that the soil moved downward 
just before and when the tip passed the observation level. The settlement 
gauges located at 5 and 11 m from the pile indicated only upward 
movements (heave) at all levels (Figure 1). 

Cooke and Price 1973 

Developed a study of movements of soil around an instrumented close 
ended pile jacked into London Clay. They reported that most of the ground 
heave developed during the initial pile penetration up to 12 pile radii 
(approximately 1 m). Movements were larger within 4 pile radii from the pile 
axis and decreased radially. Movements were very small despite being 
measurable beyond 20 pile radii from the pile axis. At the final penetration, 
the surface movement beyond 20 pile radii is independent of radial 
distance.  

Bozozuk et al 1978 

Measured a percentage of vertical soil heave approximately equal to 55% 
of the soil volume displaced by the piles (group of 116 piles and an average 
ground heave of 450 mm) and verified the rapid decrease of this vertical 
heave with distance from the pile group (at 3 meters of the pile group, the 
heave decreased to an average of 110 mm). 
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Author Year Observation/Description 

Sharp 1982 

Measured ground heave to an accuracy of +/- 0.1 mm by precision levelling 
for each nine piles driven onto stiff clay Cowden, Hull. Open and close 
ended piles of 200 mm and 300 mm outside diameter and 9.5 mm and 14.3 
mm thickness, respectively, were used. The maximum ground heave 
generated by the close ended piles was about 5 to 6 times that of a similar 
open-ended pile. Ground heave was greatest near the pile shaft and 
stabilized at a radial distance of 20 pile radii away from the pile axis. Most 
of the ground heave within about 11 pile radii from the pile axis was 
generated over the initial 30 pile radii of penetration. Beyond this depth 
there was a little further heave. There seemed to be a critical depth of 
penetration by which most of the ground heave close to the pile shaft 
occurred during pile driving. 

 

Figure 1 – Vertical soil movements during driving of long piles into soft plastic clay (after 
Fellenius, 1971) 

Figure 2 presents a displacement mechanism for heave associated with displacement pile installation 

and confirms the statements already made by Terzaghi (1943) and Meyerhof (1959), which refer that 

the pile installation process leads primarily to heave of the ground surface and, as a consequence, the 

generated upward forces induce a similar movement in the piles installed nearby (Massarsch & Wersall, 

2013). 

 
 

Figure 2 – Soil and pile displacement mechanisms due to driving of an adjacent pile in clay 
(Hagerty, 1969) 

Pile installation results primarily in ground surface heave and, consequently, piles previously installed 
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in this vicinity are affected by upward directed forces. 

Hagerty and Peck (1971) concluded the following statements that are usually referred in the 

geotechnical literature: 

• During pile driving, saturated insensitive clay soils have essentially an incompressible behaviour; 

• Under normal pile driving conditions (level ground surface and regular pile driving sequence), about 

half of the volume of displaced soil results in surface heave within the area of the pile foundations 

whilst the remaining appears as surface heave outside the foundation area; 

• The resultant soil displacement, especially beyond the limits of the area enclosed by the piles, is 

less in the case of sensitive clays, when compared to the displacement produced during driving in 

insensitive clays. Regarding clay sensitivity, it can be defined as the ratio between their undisturbed 

and remoulded strengths. It will vary between 1.0 for heavily over-consolidated clays to values 

higher than 100 for extra-sensitive clays, which can be also called “quick” clays, (Skempton et al, 

1952); 

• The observed surface heave is much less when piles penetrate alternating strata of fine-grained soil 

and granular materials; 

• If the sequence of pile driving is developed firstly along the perimeter of the foundation area, the 

heave of the soil surface located inside the perimeter is increased, decreasing this phenomenon in 

the surrounding area outside the referred perimeter. 

Chow and Teh (1990) concluded that ground surface heave increases with the pile diameter and the 

penetration depth of the pile. When the pile penetrates beyond a certain depth, the increase rate in 

surface heave becomes slower since the soil movements develop preferably near the pile toe. This 

conclusion was reached as a result of a theoretical study of the vertical soil movement and pile heave 

due to the installation of a driven pile in clay. Pile installation was simulated by injecting a material along 

the pile axis with constant intensity. The source-sink imaging technique was used to obtain the resulting 

soil movement, while the heave of the already installed pile was obtained by interaction between the 

vertical soil movement and the pile. 

2.1.2 Analysis of Pile Induced Heave 

When the buoyant force on the pile by remoulded clay exceeds the weight of the pile, the pile will float 

and can be squeezed out of the ground during the driving of adjacent piles (Massarsch, 1976). 

Poulos (1994) developed a theoretical study of pile response. His analysis considered two circular piles, 

15 meters long and with a diameter of 0.5 m, which were assumed to be driven into a 15 meters’ thick 

homogeneous clay layer underlain by a very stiff clay layer. As it is shown in Figure 3, Pile 1 has already 

been installed, while Pile 2 is being driven. 

In this case, cu is the undrained shear strength, Ep is the Young’s modulus of Pile 2, Nc is the bearing 

capacity factor and py is the ultimate end-bearing pressure. The following simplifications were 

considered to the analysis of this problem: 
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• No account was taken of possible lateral non-homogeneity of the soil around each pile due to 

installation and the subsequent dissipation of excess pore pressures; 

• Soil Young’s modulus and pile skin frictions were assumed to be constant with depth; 

• The clay was assumed to be undrained; 

• The effects of installing Pile 2 were manifested as static vertical and horizontal displacements at the 

location of Pile 1, which means that no consideration was given to possible dynamic effects arising 

during impact of Pile 2. 

 
Figure 3 – Theoretical study of pile response (Poulos, 1994) 

Considering these simplifications and the given geometry of this problem, Figure 4 presents the 

computed distribution of vertical soil movements around an end-bearing pile. In this case, L1 is the depth 

of pile penetration and r the distance from Pile 2. At small values of penetration (L1/L = 1/3), there is 

settlement which means that the soil movements are downwards (considered positive in Figure 4). 

However, as the penetration increases (L1/L = 2/3), the movements near the surface are negative, i.e., 

heave develops. When full penetration occurs, i.e., when L1/L is equal to 1, heave occurs over the full 

length of the pile because, in an incompressible soil, the pile volume can only be accommodated by a 

combination of upward (heave) and outward (lateral displacement) movements. This latter movement 

will be discussed later. 

 
Figure 4 – Computed distribution of vertical soil movement around pile (Poulos, 1994) 
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The Shallow Strain-Path Method (SSPM), which will be explained in Chapter 3, has been successfully 

applied to the prediction of ground movements caused by undrained close-ended pile installation (Xu et 

al, 2006). The SSPM gives a closed form expression, not only to predict radial movement, but also to 

calculate vertical displacement (δz) at the soil surface (at z = 0 m) due to undrained plugged pipe pile 

installation:  

𝛿𝑧(𝑐𝑙𝑜𝑠𝑒 − 𝑒𝑛𝑑𝑒𝑑) = −
𝑅2

2
∙ (−

1

𝑟
−

1

√𝑟2+𝐿2
)      (2-1) 

In which R is the pile radius, L the pile length and r is the distance from the pile. Because of ground 

vertical deformations, some structural elements can also move. For instance, in the case of piles, a 

phenomenon known as uplift can occur due to subsequent driving of an adjacent pile. This phenomenon 

commonly occurs whenever large number of closely spaced piles are driven in clay (Gue, 1984). In 

Table 2 there is some case study evidence on the vertical movements of piles because of heave. 

Table 2 – Observations of pile heave (adapted from Gue, 1984) 

Author Year Observation/Description 

Terzaghi 1942 
Described the difficulties which were encountered during the driving of 21 meters 
long timber piles into a soft brown clay. The piles rose 10 to 15 cm after each 
blow. Adjacent piles rose 30 to 300 cm.  

Klohn 1961 

Reached the conclusion that pile heave could constitute a serious problem for 
end-bearing piles, making re-driving of all heaved piles necessary. However, in 
the case of friction piles, it was possible to conclude that pile heave had no 
adverse effects on the capacity of the piles and, therefore, re-driving did not 
assume the same importance. 

Olko 1963 
Observed pile heave for more than 10 days after the end of driving in a case of 
steel H-piles driven into medium to stiff blue clay, reaching a maximum pile heave 
of 11 inches (275 mm).  

Cole 1972 
Observed that pile heave appeared to be greatest for the smallest pile spacing 
and reduced as pile spacing increased. At a pile spacing of approximately 20 pile 
radii, pile heave appeared to be negligible. 

Clark  1981 
Pile heave occurred mainly during driving of an adjacent pile to a depth of 
approximately 16 to 24 pile radii and, below this depth, pile heave appeared to be 
small. 

Hagerty and Peck (1971) defined a simple theoretical procedure to estimate the heave of an existing 

pile. The concept supporting this theory stated that inextensible vertical piles embedded in clay would 

be lifted by the relative ground heave along the upper part of the pile. However, below a certain depth, 

a downward force would be considered. A schematic of this concept is presented in Figure 5. 

In this case, the depth d is estimated by balancing the potential upward and downward adhesive forces 

on the upper and lower parts of the pile, respectively. The pile heave is related to the heaving soil; above 

section a-a, the upward soil movement is larger than the movement of the pile. Below section a-a, heave 

continues to happen. However, the upward movement of the pile is larger than the soil movement. That 

means that below section a-a soil is not literally “stationary”, as it is presented is Figure 5. it continues 

to heave, but less than the pile. 
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Figure 5 – Balance of forces around a driven pile (after Hagerty & Peck, 1971) 

Pile heave can then be estimated as a fraction of soil heave, calibrated by the relation between the 

length of “stationary soil” (L – d) and the pile length (L). 

Cole (1972) concluded that pile heave was more a function of pile diameter and pile spacing than soil 

type or pile length. After deriving an approximate relation between pile heave and pile spacing using the 

scattered results from case histories, it was possible to state that the final heave of a pile is the 

cumulative value of all individual pile heaves caused by driving adjacent piles. 

Massarsch (1976) attributed pile heave in clay to two different mechanisms. Immediately after driving 

the skin friction will be low in sensitive clay. Then, when the buoyant forces acting on the pile by the 

remoulded clay exceeds the weight of the pile, the pile will float. Therefore, driving of adjacent piles can 

cause the floating pile to be squeezed out of the ground. It was possible to state also that driving of a 

group of piles has a cumulative effect (Gue, 1984). 

Pile heave also occurs in clays with low sensitivity or in reconsolidated sensitive clays. The heave 

caused by driving a group of piles has a cumulative effect. Heave near the ground surface will be higher 

than near the tip of the piles. When the upward pull of the soil along the upper part of the pile exceeds 

the pull-out resistance along the lower part, the pile moves upwards. This effect can be large for pile 

groups or when the spacing of the piles is small. Floating piles are affected more by uplift than end 

bearing piles since, in this case, the pile tips are often driven into dense soil layers (Massarsch, 1976).  

2.2 Lateral Movements 

Lateral movements of the ground during pile installation are often neglected since they are difficult to 

detect. However, this effect becomes obvious when adjacent piles are displaced laterally. The lateral 

displacement of piles in a pile group will change the vertical load distribution which, as a consequence, 

it may not be the same as designed. Furthermore, since the centre of gravity of the pile group is modified 

due to the lateral movement, additional piles may be required to restore its initial position. In extreme 

cases, it may be necessary to redesign the structure to adjust the displaced pile group (Massarsch, 

1976).  
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2.2.1 Evidence of Lateral Ground Movement 

In Table 3 there is a compilation of some case study evidence that confirmed the existence of lateral 

movements due to the installation of underground structures. 

Table 3 – Observations of lateral movements (adapted from Gue, 1984) 

Author Year Observation/Description 

Geddes et al 1966 
Reported that the walls to the Clyde Dry Dock at Greenock (Scotland) were 
overloaded and cracked when driven cast in situ piles were installed adjacent to 
the wall. 

Cooke and Price 1973 

Instrumented a pile jacked into London Clay with horizontal probes installed 2 
meters below the ground surface so that they could measure horizontal 
movement. It was possible to conclude through extrapolation from their results 
that horizontal movement occurred to at least, 8 pile radii from the shaft of the 
instrumented pile.  

Steenfelt, Randolph 
and Wroth 

1981 

Attempted to measure soil displacements due to pile installation by means of 
some sophisticated laboratory studies, using an X-ray technique. In this case, 
samples of clay with different over-consolidation ratios, from normally 
consolidated to an over-consolidation ratio of 8, were prepared from speswhite 
kaolin. It was possible to verify that radial movement due to pile installation 
extended to about 12 pile radii away from the axis of the instrumented model 
pile. 

Bergfeldt (1968) presented an example of the lateral displacements caused by the driving of a large pile 

group in soft clay (Figure 6), Massarsch (1976). It can be seen that the lateral displacement has occurred 

mainly in the direction away from the pile group. In this instance, high pore pressures were also thought 

to have been induced in the silty alluvium. Significant lateral soil displacement may also occur when 

piles are driven through river banks or other sloping sites (Fleming, 2009).  

 

Figure 6 – Displacement of structures due to pile driving in plastic clay (after Bergfeldt, 1968) 

 

According to Hagerty and Peck (1971), pile driving generates lateral movements of the soil and piles for 

a considerable length of time when large differences in elevation exist in the foundation area (even after 
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the driving process has finished). However, despite being an observed movement, no emphasis was 

given to this effect (Gue, 1984). 

Randolph et al. (1979a) compared measured values with theoretical radial soil displacements due to 

pile driving. By observation of Figure 7, there is a fair agreement between the measured values 

displayed and the theoretical prediction made on the assumption of plane strain and purely radial 

deformation at constant volume. This theoretical calculation is deduced from the theory of cylindrical 

cavity expansion. In this case, the model test piles were close ended piles. 

 

Figure 7 – Comparison of measured and theoretical radial soil displacements (Randolph et al., 
1979a) 

However, by simple modification of this theory, allowances can be made for piles other than full-

displacement piles, such as steel tubes driven open ended (Poulos, 1994). It is important to note that 

this data only extends to a distance equal to five times the pile radius. In the Case Study presented later 

on, this analysis was extended to significantly higher values.  

2.2.2 Analysis of Pile Induced Lateral Movements 

According to Hagerty & Peck (1971), the disturbance and the displacement of the soil close to a driven 

pile in clay has been investigated by e.g. Cummings et al (1948), Zeevaert (1949) and Tomlinson (1957). 

Terzaghi (1943) and Meyerhof (1959) provided different qualitative failure zones and displacement 

patterns during an early stage and during a latter stage of pile penetration, respectively, as it is presented 

in Figure 8, Massarsch (1976).  

According to Zeevaert (1949), the soil may be displaced as it is presented in Figure 9 when the pile tip 

penetrates an incompressible material, Massarsch (1976). 
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Figure 8 – Failure zone and displacement pattern during an early stage and a latter stage of pile 
penetration in cohesive soil (Massarsch, 1976) 

 

Figure 9 – Displacement pattern around the tip of a pile driven into cohesive soil (Zeevaert, 
1949) 

Vesic (1972) analysed the radial extent of the plastic zone, rpl around an expanding cylindrical cavity of 

infinite length under plane strain conditions and proposed the following expression: 

𝑟𝑝𝑙

𝑟0
= √

𝐸𝑝

2𝜏𝑓(1+𝜈)
    (2-2) 

Where r0 is the pile radius. The extension is a function of the soil rigidity ratio (Ep/τf) and Poisson’s Ratio 

(ν) where Ep is the soil Young’s modulus and f the shear stress at failure. From the value of the soil 

rigidity ratio, the critical pile spacing can be estimated at which the whole volume of soil enclosed by the 

piles is in a plastic state. Figure 10 expresses the relation presented in graphical form. 
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Figure 10 – Extension of plastic zone around an expanding cylindrical cavity (Vesic, 1972) 

Cooke & Price (1973) investigated the movement of the soil around an instrumented model pile which 

was jacked into London Clay. The observed movements have been compared with calculated values 

using finite element analysis. Since the agreement between measured and calculated values was good, 

Cooke & Prince reached the following conclusions: 

• The significant downward movements were initiated when the pile tip was about two pile diameters 

above the observation level; 

• Heave of the ground surface was relatively large up to about two pile diameters from a pile. It was 

still measurable at a distance exceeding ten pile diameters; 

• Clay located in a range of one diameter from the pile shaft was significantly disturbed during the 

installation process. 

It was concluded that the deformations at the pile tip are probably similar to that of the expansion of a 

spherical cavity, whereas the soil along the pile shaft will mainly be displaced laterally, similar to the 

expansion of a cylindrical cavity.  

Randolph et al (1979a) assumed that the expansion of the cavity takes place in a homogeneous, 

isotropic, ideal elastoplastic material, at initially isotropic stresses, using the theory of cylindrical cavity 

expansion to investigate the deformation pattern around a driven pile and, therefore, estimate the lateral 

displacement due to its installation. 

In Figure 11, six areas have been identified in this description of the qualitative displacement field and 

soil disturbance caused by penetration of a single pile into soft clay. In a simplified way, each of the six 

zones can be defined by the following (Massarsch & Wersall, 2013): 

1. Zone of disturbance below the pile toe: considered the most important zone regarding ground 

movement when the pile penetrates incompressible soil. The bulb with high pressure created at the 

pile toe during driving accompanies the downward pile movement as it penetrates the ground; 
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2. Smear zone along the pile: it is created by the relative movement of the pile shaft against the 

adjacent soil. The soil structure in this zone is almost destroyed and its width is very thin (can reduce 

to a few millimetres in sensitive clay, considering that it turns into a liquid); 

3. Zone of disturbance adjacent to the pile shaft: mechanical disturbance occurs within a zone of 

approximately one pile diameter from the pile shaft. This disturbance is caused by the progressive 

downward movement of the pressurized bulb at the pile toe and not by the pile shaft; 

4. Displacement configuration next to the disturbance area: during pile penetration, this area is 

exposed to resistance caused by passive earth pressure, due to the expansion of the pressure bulb 

of zone (1). The flow pattern from the pile is initially lateral, but the displacement vectors gradually 

rotate toward the ground surface; 

5. Displacement at ground surface: heave of the ground surface resulting from pile driving is small 

near the pile and reaches a maximum at about 0.3 to 1.0 times the pile length from the pile shaft. 

Thereafter, heave decreases with increasing distance; 

6. Gap between the pile shaft and the surrounding soil: this gap and/or depression is the result of the 

downward movement of the pile toe during the initial phase of driving. 

 

Figure 11 – Displacement field and disturbance zones during pile installation (adapted from 
Massarsch & Wersall, 2013) 

The pattern of ground movement due to installation of a single pile is complex. However, for practical 

purposes, it is considered sufficient to assume that ground movements at the toe of the pile occur 

primarily in the lateral direction at approximately one pile diameter from the pile shaft. According to 

Randolph et al (1979b), it was possible to conclude that, despite the early movement approximating to 

a spherical cavity expansion, the total radial stress change may be estimated based on modelling pile 

installation as the expansion of a cylindrical cavity. 
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If there is not time for drainage during pile driving, the soil will deform at constant volume. In this case, 

it’s possible to consider a fraction of soil initially with a radius X. To accommodate the installation of a 

pile with radius R0, the soil must move radially outwards by an amount of u as it is shown in Figure 12. 

 

Figure 12 – Radial expansion due to installation of pile (after Randolph et al, 1979b) 

The expansion verified due to pile installation leads to the following development: 

𝑋2 = (𝑋 + 𝑢)2 − 𝑅0
2        (2-3) 

The soil displacement paths for open-ended piles aren’t the same when compared to closed-ended piles 

since the displacement field changes continually with depth as the pile driving process gradually 

develops. However, it is possible to compare the radial soil movement with the theoretical movements 

calculated by assuming that the soil has to displace radially enough to accommodate the pile wall. 

Considering the definition of ρ as the ratio of net pile area to gross pile area (Carter et al, 1979), it is 

possible to rewrite the Equation 2-3 as follows: 

𝑋2 = (𝑋 + 𝑢)2 − 𝜌𝑅0
2        (2-4) 

 

Figure 13 – Schematic and analytical definition of the ratio of net pile area to gross pile area 
(Randolph et al, 1979b) 

The theoretical radial movement is then: 

𝑢 𝑅0⁄ = [(𝑋 𝑅0⁄ )2 + 1]
1

2⁄ − 𝑋 𝑅0⁄ ≅
𝜌

2
∙

𝑅0

𝑋
     (2-5) 

This methodology is based on a practical approach which considers that it is sufficient to assume that 

ground movements at the toe of the pile at approximately one pile diameter from the pile shaft occur 

primarily in the lateral direction (Massarsch & Wersall, 2013). It assumes that the soil is incompressible 

X 

R0 

R0 + u  
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and, also, plane strain conditions in the direction of pile axis, which means that, since the pile is in a 

cross-section perpendicular to the axis, all the deformations will be developed in the cross-section plane, 

i.e., none will be considered in the direction of the axis. However, this assumption must be analysed 

carefully since ground heave does not cease to exist and considers movement in the direction of the 

pile axis. Since all the movement is being concentrated in a single plane in terms of its direction(s), it is 

safe to hint that this approach may be prone to some overestimation of the lateral displacements. 

Further, it assumes that already installed piles do not affect lateral movements or create a reinforcing 

effect. According to Randolph et al (1979b), it is important to note that the plugging effect on open-ended 

piles due to correspondent installation will continually change the displacement field with depth. 

Therefore, it is not possible to analyse the soil displacement paths for open-ended piles in the same 

way for close-ended piles. The consideration of the ratio of net pile area to gross pile area is introduced 

as an analytical feature to compare the radial soil movement with theoretical movements obtained for 

close-ended piles by assuming that the soil has to displace radially sufficiently to accommodate the pile 

wall is equal to 1. For open-ended piles, where ri > 0 and  < 1, Equation 2-5 is modified as follows: 

𝑢

𝑅0
= [(

𝑋

𝑅0
)

2
+ 𝜌]

0,5

−
𝑋

𝑅0
        (2-6) 

In terms of lateral movement, the difference between close-ended and open-ended piles is particularly 

important. To analyse this difference, it was considered an example extracted from the Case Study that 

will be presented with further details in the next chapter of this work. The geometric terms of this example 

are defined in section (a) of Table 4 and the calculation of the the ratio of net pile area to gross pile area 

in section (b) of the same table. 

Table 4 – Geometric data (a) and calculation of the ratio of net pile area to gross pile area (b) 

(a) 

Pile 
Diameter 

Pile 
Thickness 

Pile 
Spacing 

[mm] [mm] [mm] 

660 14.80 2500 

 

 

(b) 

ri r0 ρ 

[mm] [mm] [-] 

315.2 330 0.09 

Considering the equations defined for both close-ended and open-ended piles, and the data presented 

in Table 4, it is possible to analyse the considerable differences between both cases (Figure 14). 
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Figure 14 – Difference between close-ended and open-ended piles in terms of lateral soil 
disturbance 

As expected, it is evident that lateral soil disturbance is significantly higher for close-ended piles when 

compared to open-ended piles. 

Baligh (1985) developed a different approach called the “Strain-Path Method” (SPM), which provides 

expressions for the strain components in the soil at some distance from the pile. Due to kinematic 

restraints, it was assumed that, for pile penetration in clay, the movement of soil around the pile tip was 

independent of the soil properties and could be modelled through the steady flow pattern of an ideal 

fluid moving past a fluid source (Ni et al, 2010) as it is presented in Figure 15.  

 

Figure 15 – Strain-Path Method for deep penetration as a steady flow problem (Baligh, 1985) 
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The solutions obtained are for deep homogeneous clay soils without considering the presence of the 

soil surface. Therefore, this methodology is limited to the case of a long friction (or floating) pile. 

However, in many practical cases, a pile will be driven through soft clay to a harder stratum or, even, to 

rock. Besides, in the SPM analysis of pile penetration, all soil elements undergo net downward 

movements, whereas there are many published field observations of ground surface heave caused by 

pile driving. These considerations indicate that a modification of Baligh’s original solutions may be 

necessary so that some of these limitations can be addressed.  

Figure 16 compares experimental values from Francescon (1983) and both theoretical approaches 

(Cavity Expansion and Strain Path methods) for estimating lateral displacements (Poulos, 1994). 

 

Figure 16 – Radial displacements in soil due to pile driving (Poulos, 1994) 

It is evident that both methods are in reasonable agreement with average experimental data from 

Francescon (1983). Although the solution computed by the strain path method tends to give larger 

movements near the pile and smaller movements away from it when compared to the solution derived 

by the cavity expansion method (ρ = 0.8). 

Poulos (1994) developed a theoretical study of pile response, the basis for which was presented in the 

previous section (Figure 17). Considering the simplifications and the given geometry of this problem, 

Figure 17 presents the computed horizontal soil movements due to pile installation, at different radial 

distances, r, from the pile being installed. 

It seems that the horizontal movement is relatively uniform to a depth of approximately 0.8L. Between 

this level and the pile tip, the soil movement decreases rapidly with depth. It is also evident that the 

maximum movement, which is outward, is independent of the depth of penetration since the calculations 

were made for three different depths (L1/L = 1/3, L1/L = 2/3 and L1/L = 1). 
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Figure 17 – Computed horizontal soil movements due to pile installation (Poulos, 1994) 

Sagaseta et al (1997) proposed a modification of the SPM which clearly considers the effects of the 

stress-free ground surface, calling this semi-analytical approach the “Shallow Strain-Path Method” 

(SSPM). It was further developed by Sagaseta and Whittle (2001). It is used to calculate predictions of 

ground movements caused by driven or jacked pile installation in clay. In this case, as it is shown in 

Figure 18, the pile can be defined by superimposing full-space solutions for a point source S and the 

correspondent mirror image sink S’ (which absorbs an equal and opposite volume when compared to 

the source) at some embedment depth h below and above the notional ground surface, respectively. 

 

Figure 18 –SSPM conceptual model: (a) SSPM representation of shallow penetration problem; 
(b) Equivalent solution (steps 1 + 2 + 3) (Sagaseta et al, 1997) 

It is evident that along the ground surface, the combined action of the source and sink will result in the 

cancellation of the normal stresses and the consequent doubling of the shear stresses. As it is shown 

in step 3 of Figure 18, the consideration of corrective shear tractions allows the simulation of a stress-

free surface. 
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Rather than the displacements of soil elements, the SSPM is formulated in terms of their velocities and, 

because of that, incorporates large deformations. However, in this approach, the consideration of large 

displacements is only partial, as deformations associated with the corrective shear tractions are still 

obtained from small-strain elastic solutions. Even so, the solution is a good approximation, because the 

contributions from the source and virtual sink are far more important than the corrective shear tractions 

in the region near the source (where large strains are of concern). 

While the calculations of displacements close to the pile can only be solved numerically by means of 

large strain theory (Sagaseta and Whittle, 2001), at some distance from the pile the assumption of small 

strains becomes a good approximation. In the case of a cylindrical pile, which is the one to consider in 

this study, the problem was defined as if a penetrometer could be modelled by a source advancing from 

the ground surface at constant speed (U). The geometry to consider in this case is presented in Figure 

19: 

 

Figure 19 – Geometry of the simple pile problem (Shallow Strain-Path Method) 

The radius of the pile (R) is then defined as a function of the discharged volume per unit time by a point 

source (Q) and the referred velocity (U).  

𝑅 = √𝑄 (𝜋𝑈)⁄      (2-7) 

Once the velocities and strains rates are defined, the displacements were calculated by integrating the 

velocities through the particle path. Considering an integration process in closed-form at points along 

the stress-free ground (z = 0), the following equation will be used to estimate the small-strain horizontal 

ground movement due to pile penetration at the ground surface: 

𝛿𝑟,𝑆𝑆(𝑟, 0) =
𝑅2

2
∙

𝐿

𝑟√𝑟2+𝐿2
=

𝛺

2𝜋
∙

𝐿

𝑟√𝑟2+𝐿2
     (2-8) 

In this expression, R is the pile radius, L is the pile length, r is the distance and Ω is the cross-sectional 

area of the pile/tube. 
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2.3 Influence on Soil Properties 

This section will be dedicated to discussing the sensitivity of some soil properties to the process of pile 

driving, which can lead to important alterations of some soil properties. 

2.3.1 Soil Shear Strength 

It is usual to observe an initial reduction in the undrained shear strength of clay around a pile that is 

being driven due to destructuration of the soil as the pile passes.  

Orrje and Broms (1967) observed concrete piles in a sensitive clay and verified a significant reduction 

of the undrained shear strength within 5 pile radii from the pile axis. A large decrease of approximately 

40% was noted close to the pile shaft. However, it was possible to measure a recovery in shear strength 

9 months after pile driving, but the clay did not regain its initial shear strength (Gue, 1984). 

Randolph et al (1979a) and Carter et al (1979) have given guidelines for the changes in effective radial 

stress and undrained shear strength of the soil around open and close-ended piles. Considering the 

definition of net to gross area of the pile (ρ) presented previously, in Figure 20 it is possible to verify the 

variation of undrained shear strength as a function of pile wall thickness, in which cu(0) and cu(∞) are, 

respectively, the undrained shear strength in the short and in the long term. According to Duncan & 

Wright (2005), “short term” considers conditions during or following construction, which means the 

period of time that immediately follows the load change. On the other hand, “long term” means drained 

conditions in the sense that the clay will reach a drained behaviour since a drainage equilibrium has 

been reached and the excess of pore pressures due to external loads has been dissipated.   

 

Figure 20 – Effect of pile wall thickness on stress changes next to pile (Carter et al, 1979) 

In soft clays, driven pile installation presents two main results: destructuring of the soil and excess of 

pore water pressures. While the first one leads to near-permanent loss of strength, the second result 

originates consolidation and, therefore, some gain of strength. In stiff plastic clays, since large shearing 

displacements will be originated in the pile-soil interface due to the driving process, the residual strength 

will gain relevance in terms of resistance. 

Lupini et al (1981) and Skempton (1985) observed that in some clays, it was possible to mobilize the 
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peak strength at small movements (of the order of 5 mm to 10 mm), while degradation to the residual 

strength required much larger movements of approximately 100 mm to 300 mm and, in some clays, to 

values higher than 500 mm. Following this analysis, Skempton (1985) realized the residual strength was 

a function of the plasticity, the clay fractions in the soil and the rate of shearing. It was possible to verify 

that at high rates of shearing (400 mm/minute), the friction angle of some clays, with an intermediate 

clay fraction, could drop to one-half the residual value or almost one-third from the maximum friction 

angle (Chong, 2013). 

Tika et al (1986) reported that the residual strength ratio in London Clay was approximately 0.197 (11.1 

degrees) for a constant rate of penetration of 5 mm/min. Mesri and Cepeda-Diaz (1986) realized that 

for clays with high liquid limit (exceeding 80%), the residual shear strength dropped below 10 degrees. 

The degradation of shear strength would be in the range of 0.20 to 0.39 for residual shear strength of 4 

to 10 degrees and shear strength of 12 to 24 degrees (Chong, 2013). 

The installation of driven piles in sands originates breakage of the sand grains closest to the pile shaft 

and the pile-soil interface will have the tendency to become finer, which may originate the deterioration 

of the friction in the pile-soil interface. On the other hand, the process of driving piles in sand is 

characterized by the development of an arching effect around the pile, which will be in origin of a 

reduction of its confining stresses.  

2.3.2 Pile Capacity 

When it comes to the bearing capacity of driven piles, Bjerrum and Floodin (1960) observed a rapid 

increase with time after installation, with the maximum being reached in less than a month. Tomlinson 

(1969) reviewed five case histories and concluded that at least 75% of the ultimate bearing capacity 

was achieved within 30 days of driving, as it is possible to acknowledge in Figure 21. 

 

Figure 21 – Increase of pile load capacity with time (after Soderberg, 1962) (Gue, 1984) 

This observation is a possible explanation to the common practice of load testing piles some time after 

driving to take advantage of this time effect.  

Randolph et al. (1979a) developed some theoretical studies and verified that, in any clay, the stress 
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state in the soil close to a driven pile is essentially independent of the over-consolidation ratio (OCR), 

both in the immediate and in the long-term as it is possible to see in Figure 22.  

 

Figure 22 – Variation of ratio of final to initial undrained shear strength with OCR (after 
Randolph et al., 1979a) 

As it is shown, when consolidation is complete the new strength, cu(∞), is nearly 60% greater than the 

original in situ value, cu(0). Comparing these considerations regarding undrained shear strength with 

the observations done by Orrje and Broms (1967) presented in Chapter 2.3.1, there seems to be a 

contradiction in terms of the recovery process of this property. In this latter case, since it was a 

theoretical study, it is likely that the underlying assumptions may not be a good reflection of the reality 

or, probably, some mechanism/behaviour might have been missed. 

2.3.3 Pore Pressures due to Pile Driving 

This phenomenon has long been recognized. It is possible to verify the development of very high pore 

pressures near the pile. As it is shown in Figure 23, pressures of 1.5 to 2 times the in-situ effective 

vertical stresses have been observed. 

 

Figure 23 – Summary of measured pore pressures (after Poulos and Davis, 1980) 

In this case, σ’v0 is the vertical stress in-situ prior to driving, Δu is the excess pore water pressure and r 

is the radial distance from the pile expressed in terms of the pile radius a. the larger pore water pressures 

are associated with more sensitive soils. 
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The dissipation of these pore pressures is a very important factor concerning the recovery of cu and 

increase of the bearing capacity of piles. It is evident a rapid decrease within a radial distance of 4 to 

about 8 pile radii for clays of low to medium sensitivity. In this case, beyond 30 pile radii the excess pore 

pressure is very small (Gue, 1984).  

Randolph et al. (1979a) developed a prediction of pore pressure change by means of a finite element 

computation. A driven pile was modelled considering the cavity expansion method under undrained 

conditions. Considering Figure 24, it is possible to see the result of this simulation which considered 

differing initial over-consolidation ratios (OCR). 

 

Figure 24 – Variation of excess pore pressures, u normalized by the initial undrained shear 
strength, cu, next to a pile as a function of initial OCR (Randolph et al., 1979a) 

It is possible to verify that the excess pore pressure is essentially dependent on the initial value of the 

undrained soil strength. It appears to exist a certain degree insensitivity to the variation of the value of 

OCR (Gue, 1984).  

Francescon (1983) obtained experimental results for an 18.9 mm diameter close ended pile jacked into 

speswhite kaolin. In these studies, it was possible to show that the pore pressure depended on the OCR, 

decreasing about 50% almost linearly in the semi-log plot from a value of OCR equal to 1. About this 

matter, it was shown that the zone of excess pore pressure extended further from the pile for clays with 

higher values of OCR (Gue, 1984). 

2.4 Effect of Plug due to Pile Driving 

According to Randolph et al (1979b), it is not possible to analyse the soil displacement paths for open-

ended piles in the same manner as for solid piles since the displacement field changes continually with 

depth as the pile gradually plugs. When an open-ended pile is driven into the ground, it is very likely that 

the soil will enter inside the pile in the initial stage of pile penetration, i.e., at very shallow depths. 

However, as the penetration of the pile proceeds, the soil friction inside the pile increases until a “soil 

plug” is formed, which may prevent or partially restrict additional soil from entering the inside of the pipe 

(Gudavalli et al, 2013). This behaviour is referred to as “plugging”. Typically, the length of the soil plug 

is less than the penetration length of the pipe. The two most widely used indicators to quantify soil 



 

26 

plugging are plug length ratio (PLR) and incremental filling ratio (IFR), respectively defined as follows: 

𝑃𝐿𝑅 = 𝐿 𝐷⁄          (2-9) 

𝐼𝐹𝑅 = ∆𝐿 ∆𝐷⁄          (2-10) 

where D is the pile penetration length, L is the length of soil plug, ΔD is increment of soil penetration 

depth and ΔL is the increment of soil penetration length corresponding to an increment of pile 

penetration depth, ΔD. It is possible to conclude that IFR is the first derivative of PLR. 

Significant work has been developed in the area of plugging effect for small-diameter pipe piles 

(approximately 300 to 500 mm in diameter). However, the medium or large-diameter pipe piles (500 mm 

diameter or larger) are frequently used in practice, but available data of field load tests is particularly 

limited (Ko & Jeong, 2014). The plugging effect of a steel pile can be divided into three conditions: 

unplugged; partially plugged; and fully plugged (Figure 25).  

During the initial pile driving (Figure 25 – (a)), the soil plug length in the pile is equal to the penetration 

depth and the pile is in an unplugged condition. As the pile penetration continues, inner shaft frictional 

resistance occurs between the soil plug and the inner pile. Because of this, the length of the soil plug 

becomes less than the penetration depth and the pile is partially plugged (Figure 25 – (b)). Eventually, 

the pile penetrates into the soil, but the soil plug length does not change, thus creating a fully plugged 

condition (Figure 25 – (c)). 

 

Figure 25 – Conditions of plugging effect (from Paikowsky et al, 1989): (a) unplugged; (b) 
partially plugged; (c) fully plugged. 

As it is possible to understand, this plugging effect will also have an impact on the pile bearing capacity. 

The resistance of open-ended piles consists of three components: outer shaft resistance; toe resistance; 

and inner shaft resistance (or soil plug resistance). To measure all of these resistance components in 

open-ended piles, an instrumented double-walled pile system is necessary (Ko & Jeong, 2014). Under 

static compressive loading, this bearing capacity is the sum of the outer shaft resistance, Qout, the 

annulus resistance, Qann, of the annular pile base and the soil plug resistance, Qplug, assuming that each 
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component is independent, as it is shown in Figure 26. 

 

Figure 26 – Force equilibrium representation of the bearing capacity of an open-ended pile 
under static compressive loading (adapted from Matsumoto et al, 2007) 

Based on force equilibrium, the soil plug resistance, Qplug, is the smaller value of either the inner shaft 

resistance, Qin, or the bearing capacity of the soil beneath the plug base, Qbase. 
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3 ANALYSIS OF INSTALLATION EFFECTS 

3.1 Analytical Approaches 

Considering the conclusions developed about the analytical approaches described in the previous 

chapter (Cavity Expansion Method and Shallow Strain-Path Method), a spreadsheet application was 

developed which enables the calculation of the lateral soil displacement at a given distance from a pile. 

To demonstrate, the geometric arrangement of 9 piles with the order of their installations, as it is shown 

in Figure 27, was considered. 

 

Figure 27 – Geometric arrangement and sequence of pile driving (after Massarsch & Wersall, 
2013) 

Considering that the diameter is 0.3 m (R0 = 0.15 m) and the spacing between adjacent piles is 1.5 m, 

it was possible to calculate the final configuration of the lateral movement of each pile from this group 

as it is shown in Figure 28. 

3.1.1 Cavity Expansion Method 

Considering Equation 2-5 presented in the previous chapter, the methodology proposed by Randolph 

et al (1979b) was applied in the geometric arrangement in Figure 27.  

In this case, displacements are magnified by a factor of 50 and are given in dimensionless form with pile 

radius as reference. It is evident that the displacements of the piles depend on the order of their 

installation because of the cumulative effect. Following this conclusion, it is possible to observe that pile 

movements don’t develop by straight lines but follow an incremental path in a direction that depends on 

the order of pile installation. Piles can be displaced only after being installed. Therefore, are only affected 
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by subsequently driven piles. This fact is demonstrated by observation of the movement of each pile. 

Obviously, since the order of pile installation is from (1) to (9), the last driven pile (9) will not be moved 

laterally while the largest movements must occur at the first driven pile (1) due to the cumulative effect 

caused by driving piles (2) to (9). 

 

Figure 28 – Lateral displacement of each 9 piles due to installation of pile group 

3.1.2 Shallow Strain-Path Method 

To consider the influence of the stress-free ground surface, Sagaseta et al (1997) modified the Strain-

Path Method (SPM) to predict soil movement when the pile tip is not far below the soil surface, thus 

obtaining the Shallow Strain-Path Method (SSPM). In the previous chapter, the theoretical background 

behind this method was explained and an expression which refers to lateral deformations at the ground 

surface was obtained (i.e. Equation 2-8).  

Using the example considered in Figure 27, it was possible to compute the lateral displacements due to 

pile driving in each pile of the pile group. Lateral movements predicted by the SSPM and the Cavity 

Expansion Method are compared, and it is apparent that both methods give very similar results in this 

case, as it is shown in Table 5.  

It is possible to conclude that both methods, despite their clear differences in terms of mathematical 

approach, offer very similar results to the displacements of each pile. However, the reliability of both is 

unsure for now because they need to be validated through comparison with real measurements from an 

actual situation. In the next chapter, such comparison will be developed through consideration of a case 

study. 
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Table 5 – Maximum cumulative displacements measured in each 9 piles of the pile group due 
to pile installation (comparison between CEM and SSPM) 

Pile Id.\Displacements 

Cavity Expansion 
Method 

Shallow Strain-Path 
Method 

x [mm] y [mm] x [mm] y [mm] 

Pile 1 21.35 21.35 21.19 21.19 

Pile 2 7.48 24.72 7.48 24.56 

Pile 3 10.12 21.35 10.00 21.19 

Pile 4 17.97 12.73 17.88 12.69 

Pile 5 7.48 14.97 7.48 14.94 

Pile 6 6.74 12.73 6.69 12.69 

Pile 7 11.23 0.00 11.19 0.00 

Pile 8 7.48 0.00 7.48 0.00 

Pile 9 0.00 0.00 0.00 0.00 

Comparing Expression 2-5 with Expression 2-6, it becomes relevant to observe that the Shallow Strain-

Path Method depends on the pile length while the Cavity Expansion Method did not. So, it is important 

to analyse the expression’s sensitivity to the variation of pile length. Using the same example considered 

previously, pile (1) from Figure 28 was analysed after the installation of the pile group. Three different 

values for the pile length were considered, i.e.: 15 m, 20 m and 30 m. The results of the sensitivity 

analysis are considered in Figure 29. 

 

Figure 29 – Sensitivity analysis of the SSPM expression to the variation of pile length (Pile 1) 

By observation of these curves, it becomes clear that the variation of the pile length isn’t an important 

factor in this methodology. Therefore, a typical value for pile length of 20 m was considered to compute 

the results in Table 5. 

3.1.3 Validity of Analytical Approaches 

In the previous application of both analytical approaches, it became clear that the results obtained were 

very similar. Despite being a validation on the agreement between both approaches, it still is necessary 
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to compare this results with actual measurements so that they can be validated.  

To demonstrate the empirical validity of modelling the soil deformation as the expansion of a cylindrical 

cavity is not straightforward. Randolph et al (1979b) developed some tests on a preliminary model that 

would later lead to the measurement of total stress and pore pressure changes at a number of points 

down a pile. The measurement of the soil displacements on a diametric plane of a driven pile was 

achieved by splitting the cylindrical sample of clay, thus generating a semi-circular prism of clay. The 

flat surface of the sample was then inscribed with a grid of lines before being covered by a perspex 

plate. After this procedure, a pile (also split longitudinally) was driven into the clay, flush with the perspex 

plate and the deformation analysis was undertaken by photographing the grid of distorted lines. This 

approach was developed for open-ended and close-ended piles, as it is presented in Figure 30. 

 

Figure 30 – Cross-sections of clay sample and “semi-piles” (after Randolph et al, 1979b)  

As it is presented in Figure 31, there is significant vertical movement of the soil due to shear along the 

sides of the pile. It can be also noted that the displacement field is uniform for the lower half of the pile. 

Therefore, it is reasonable to assume that all soil particles will undergo a similar displacement path in a 

line parallel to the pile axis.  

 

Figure 31 – Soil displacement field for close-ended pile (after Randolph et al, 1979b) 
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A procedure presented in Figure 32 indicates the path of four particles initially positioned at 0.63, 1.25, 

2.5 and 3.75 radii from the pile axis (radial offsets a), b) c) & d)). Then, seven positions of the pile tip 

relative to the level of the particles are considered (Pile Positions A to G). 

It is possible to acknowledge that from steps A to E, the particles located at the radial offsets of field 

position (a), (b) and (c) seem to be moving along straight lines centred in a common source positioned 

in the centre of the pile at the step C. The following conclusions can be extracted from this procedure: 

• The movements of the particles (a), (b) and (c) from steps A to E seem to be forming a spherical 

cavity which radiates from the centre of the cross section of the pile in step C; 

• From steps E to F, significant additional horizontal movement, similar to the expansion of a 

cylindrical cavity with the pile axis a centre line. Nearly half of the radial soil movement occurs 

suddenly as the pile tip passes the level of soil particle; 

• Particles located in (b) and (c) seem to present a small component of upward movement during the 

latter part of pile tip passing. In general, the vertical component for the soil close to the pile is 

downward during pile installation. This upward vertical component is not caused by shear stresses 

down the pile shaft, but by a spherical pressure bulb ahead the pile tip; 

• Negligible further soil movement occurs as the pile continues to penetrate. 

 

Figure 32 – Displacement paths of typical soil particles in relation to position of pile tip (after 
Randolph et al, 1979b) 

Despite considering the early movement of the particles as a result of the expansion of a spherical 

cavity, it appears likely that the total radial stress change may be estimated on the basis of modelling 

pile installation as the expansion of a cylindrical cavity. Besides the displacement paths presented above 

from steps E to F, the final distribution of radial soil movement with initial radius measured from the pile 

axis can contribute to this conclusion.  
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The theoretical expression 2-5 defining the Cavity Expansion Method can be compared with measured 

radial movements at three different positions down a close-ended and open-ended pile (Figure 33). The 

following conclusions are worth considering about the validity of the Cavity Expansion Method: 

• Close-ended piles: 

- The two lower profiles (“Pile mid-depth” and “Level of pile tip”) are in reasonable agreement with 

the theoretical curve; 

- The displacement along the upper profile (“2 pile radii below surface”) is clearly lower than the 

result obtained from the theoretical curve. Since some of the soil near the ground surface is 

carried down due to the pile installation process, the equation regarding the Cavity Expansion 

Method may no longer be valid. 

• Open-ended piles: 

- For a value of ρ equal to 0.36, apart from the profile located 2 pile radii below surface, there is 

almost twice the predicted value from the theoretical variation; 

- For a value of ρ equal to 0.72, the correspondent theoretical variation presents reasonable 

agreement with the lower measured profiles. 

 

Figure 33 – Variation of radial soil movement with initial radial position (adapted from 
Randolph et al, 1979b) 

In the case of close-ended piles, the good agreement obtained between measured radial soil 

movements and predicted from the Cavity Expansion Method implies that this theory can be considered 

with confidence to estimate the radial stress changes due to pile installation. Actually, in Figure 34 it is 

presented the variation with depth of the radial movement of particles on the vertical gridline closest to 

the pile which confirms that assessment. However, measured radial soil movements around an open-

ended pile seem to be significantly greater than the values predicted from theory. 
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Figure 34 – Radial displacement of soil particles close to pile (after Randolph et al, 1979b) 

Sagaseta & Whittle (2001) compared measurements with theoretical predictions from the Shallow 

Strain-Path Method analyses. Some measurements were carried out by Gue (1984) from driving close 

and open-ended (area ratio of 34%) steel piles into a cylindrical chamber with a diameter and depth of 

450 mm filled with speswhite kaolin, prepared from a slurry under consolidation pressures from 200 kPa 

to 600 kPa and over-consolidation ratios from 1 to 10. All of the piles had an outside diameter of 16 mm 

and were driven by hammering to a total depth of 344 mm (L/R = 43). 

Figure 35 summarizes the final radial displacements in a soil mass at the end of pile driving at three 

different elevations: near the ground surface, at mid-pile depth and near the tip elevation.  

 

Figure 35 – Comparison of predictions with measured displacements within soil mass from 
calibration chamber tests (after Sagaseta & Whittle, 2001) 

It is possible to acknowledge a very good agreement between the measured and predicted radial 
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displacements at all three positions. The proximity of the rigid lateral boundary considered in the 

laboratory tests can justify some of the differences between the measured and computed radial 

displacements. 

3.2 Numerical Analysis of Installation Effects 

3.2.1 Overview 

In recent years, the finite element method has been considered one of the main tool for solving 

geotechnical boundary value problems. The main issues in the analysis of driven pile installation are 

strong distortions on the pile-soil contact zone and the large deformations imposed on the finite element 

mesh (Qiu et al, 2009).  

During pile installation processes such as driving, the soil around the pile is compacted and distorted, 

which will result in significant changes, not only in stress in the soil surrounding the pile, but also of the 

soil properties in the distorted area close to the pile. Mainly, the void ratio distribution and the stress 

state around the driven piles are influenced (Henke & Grabe, 2009). Regarding this type of piles. the 

problem of large deformations in the installation phase together with the complexity of the soil behaviour 

developed in the respective surroundings are common reasons to explain why this phase is often not 

taken into account if the installation of pile foundations is modelled in a finite element code (Dijkstra et 

al, 2008). However, a more realistic behaviour and, therefore, an improved analysis would be achieved 

by considering the installation effects in the analysis (Engin et al, 2015).  

In displacement piles, the soil is not removed, but displaced and compacted, leading to large stress 

increases and alteration of the properties of the soil around the pile, and an associated increase in 

strength and stiffness of the soil. The stress state and the mobilised friction will both strongly influence 

the load-settlement curve of the pile (Broere & van Tol, 2006). 

Standard finite element analysis faces the following challenges in modelling the installation effects of 

displacement piles (Engin et al, 2015):  

• A constitutive model needs to be considered to describe the behaviour of the materials in order to 

capture important aspects such as density, stress dependency, hardening-softening and dilation-

contraction. The parameters of the constitutive models are defined mainly based on standard 

laboratory tests which differ significantly from the stress-strain paths around a penetrating pile 

obtained by field observations; 

• The importance of a non-linear soil model with different loading and unloading moduli to capture the 

load-settlement behaviour of the pile; 

• At high stress levels, i.e. below the base of a driven pile, particle crushing introduces additional 

complexity in the constitutive model due to changes in the material properties; 

• The interaction between the structural elements, which have high stiffness and strength, and the 

surrounding soil, which has lower stiffness and strength, should be properly described in order to 

achieve a more representative mobilization of stresses in the soil; 
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• Large deformations cause stress concentrations and distortion in the mesh, resulting in an 

inaccurate or diverging solution. 

3.2.1.1 Small-Strain Finite Element Modelling 

The pile installation process can be analysed as the expansion of a cylindrical cavity. In terms of f inite 

element analysis, this approach can be applied in two different ways: stress-controlled cavity expansion 

method and displacement-controlled cavity expansion method (Satibi et al, 2007) which are synthesized 

in Table 6. 

A similar approach to the displacement-controlled cavity expansion method was considered by Broere 

& van Tol (2006) in order to calculate the stress increase due to pile installation. In this case, the 

displacements applied in the volume of soil that will represent the pile were the following:  

• At the pile shaft, a horizontal displacement equal to 7.5% of the pile radius; 

• At the pile tip a vertical displacement equal to 7.5 times the pile radius. 

After applying these prescribed displacements, the properties of the soil volume representing the pile 

are replaced by the properties of the concrete pile and all calculated displacements are reset; the load 

capacity is then calculated by applying a vertical load at the top of the pile. 

Table 6 – Description of Stress-Controlled and Displacement-Controlled Cavity Expansion 
Methods 

Step\Method 
Stress-Controlled Cavity Expansion 

Method 
Displacement-Controlled Cavity Expansion 

Method 

1 Set the in-situ soil initial conditions. 

2 Remove the pile elements to create a cavity along the center line. 

3 
Impose a radial stress in a cavity wall, 

which will increase with depth according 
to the following relation: 𝜎′𝑟 = 𝐾 ∙ 𝜎′𝑣0. 

Prescribe a uniform horizontal displacement in a 
cavity wall. 

4 
Apply a vertical stress at the bottom of the cavity equal to 𝜎′𝑣 = 𝛾𝑢𝑛𝑠𝑎𝑡 ∙ 𝐿, in which L is the pile 

embedment length. 

5 

Place the pile material into the displaced 
cavity, which will also result in removing 
the prescribed radial stress and vertical 

stress at the bottom of the cavity. 

Place the pile material into the displaced cavity, 
which will also result in removing the prescribed 
horizontal displacement and vertical stress at the 
bottom of the cavity and, as a consequence, the 
pile will be compressed by the soil. The effect of 

this compression will not be significant in the 
stress condition of the soil considering the much 

higher stiffness of the pile. 

When compared to the displacement-controlled cavity expansion method described in Table 6, the 

difference is the considered procedure at the bottom of the cavity/pile tip. In the first case it is a matter 

of applying a vertical stress, whereas in the latter is applied a vertical displacement is applied.  

According to Engin et al (2015), the “Press-Replace” (PR) technique can be considered a practical 

solution to simulate the installation process, which can be used in a standard finite element program 

considering relatively simple adjustments. A general view of this model and the four calculation phases 

considered is presented in Figure 36.  
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Figure 36 – Press-Replace modelling technique and progress of penetration of a pile (after 

Engin et al, 2015) 

The following considerations are taken into account regarding this technique:  

• In order to properly mobilise shearing and bearing resistances, a vertical displacement is prescribed 

on the pile head, at the ground level; 

• Since the calculations are based on small deformation theory, in which the reference geometry does 

not change, the properties of the soil layer affected by the prescribed vertical displacements are 

switched to the pile properties; 

• This update in the geometry is also necessary in order to have the pile placed in the mesh altogether 

with the correspondent installation effects at the end of the analysis (which will not suffer from mesh 

distortion effects this way); 

• It is assumed that the soil layer is fully displaced due to the prescribed displacements applied at the 

pile head; 

• In (a) of Figure 36, an axisymmetric finite element mesh with small slices, in which 𝑡𝑠𝑙𝑖𝑐𝑒 ≈ 𝐷/8, 

where D is the pile diameter is introduced in the region where the pile will be installed. In order to 

avoid stress oscillations at the corner of the pile tip, the interfaces are extended into the soil volume 

(this practice regarding the interfaces is actually considered in the Case Study presented in Chapter 

4). 

An important benefit from this technique is the possibility of using any constitutive relation for the soil. 

Besides, it can be considered for any type of jacking problems (cone penetration, open-ended piles, 

piles with any cross-section, etc). Another important feature is the absence of geometrical limitation in 

terms of considering sharp geometries for the penetrating object. Most techniques require smoothed 

corners. It should be noted that this method presents some validation issues in soil profiles having soft 

layers underlying stiff layers, since the possibility of squeezing the softer layers or the development of 

punch through mechanisms during penetration may not be modelled accurately (Engin et al, 2015). 

3.2.1.2 Large-Strain Finite Element Modelling 

In the simulation of the pile driving process by cavity expansion, a predefined hole is expanded 

horizontally to simulate the installation process. The main disadvantage of this approach is that the pile 

toe resistance is not modelled correctly and that it is nearly impossible to consider dynamic effects (Qiu 

et al, 2009). The current finite element approaches for determining pile capacity do not take into account 
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the change of soil state and properties due to installation (at best, only in a simplified way), which 

accounts for the limitations of finite element modelling on accurately predicting the pile capacity (Phuong 

et al, 2016). The large strains and deformations that occur during driven pile installation combined with 

the lack of knowledge of the soil behaviour around the pile during installation introduce a series of 

complications, for example, in terms of predicting the pile bearing capacity. 

In geotechnical finite element approaches for large strains and deformations, the total Lagrangian and 

updated Lagrangian descriptions are widely used. However, these numerical integration solutions are 

only stable or accurate for limited distortion of the elements. Large mesh distortions can be partly 

overcome by remeshing techniques. However, frequent remapping of all the variables of the new mesh 

can lead to additional source of numerical errors (Dijkstra et al, 2008). 

In contrast with the purely Lagrangian and updated Lagrangian methods used in finite element 

modelling, the Eulerian and Arbitrary Lagrangian-Eulerian (ALE) schemes allow for uncoupling of mesh 

and material, enabling independent movement of the material with respect to the mesh. One of the most 

effective ALE methods in modelling penetration problems is the Coupled Eulerian-Lagrangian (CEL) 

method. In this case, the soil is discretized by a Eulerian mesh, while the pile is discretized by a 

Lagrangian mesh. This helps to overcome mesh distortion (Phuong et al, 2016). 

Regarding Coupled Eulerian-Lagrangian (CEL) analysis, if a continuum deforms or flows, the position 

of the small volumetric elements changes with time. These positions can be described as functions of 

time in two ways (Figure 37):  

• Langrangian description: the movement of the continuum is specified as a function of its initial 

coordinates and time. In these formulations, the interface between two parts is precisely defined 

and tracked; 

• Eulerian description: the movement of the continuum is specified as a function of its instantaneous 

position and time. In a Eulerian formulation no element distortions are verified, which constitutes an 

important advantage. However, the Lagrangian formulation describes the interface between two 

different parts with a precision that is not possible through the Eulerian approach. 

 

Figure 37 – Deformation of a continuum in a Lagrangian (left) and an Eulerian analysis (after 

Qiu et al, 2010) 

When remeshing, the mapping of state variables allocated to the material introduces additional 

inaccuracies into the calculation. This has led to the development of meshless methods, such as the 
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Smoothed Particle Hydrodynamics (SPH) method and mesh-based particle methods, such as the 

Material Point Method (MPM).  

MPM uses two types of space discretization: first, the computational background mesh; second, the 

collection of material points, which move through the fixed background mesh. The advantage of this 

method is that the state variables are assigned to the material points and are carried independently of 

the computational mesh, meaning that MPM is well suited for modelling large deformations (Phuong et 

al, 2016). 

Figure 38 presents the MPM solution algorithm in three steps: 

(a) Initialization phase: all the information carried by the material points is temporarily transferred to the 

nodes of the computational background mesh after which the discrete equations of motion are then 

initialized; 

(b) Incremental deformation (Lagrangian phase): the computation mesh is used to determine the 

incremental solution of the field equations with respect to time. Then, the solution is projected from 

the computational mesh to the material points, thus updating the state of each material points 

(velocity, displacement, stress and strain); 

(c) Resetting the mesh (convective phase): the mesh can be redefined (d) or kept in its original 

configuration (c). With the information carried by the material points, the solution can be 

reconstructed in any mesh. 

(d) In (d) it is possible to acknowledge an example of a newly defined mesh in the convective phase, 

which may be used in the moving mesh algorithm. 

 

Figure 38 – Steps considered in MPM solution algorithm (after Phuong et al, 2016) 

These referred methods (ALE, MPM and CEL) are powerful in simulating pile penetration but require 

significant computational resources. Moreover, the implementation of these techniques into available 

standard finite element codes is very complex. Compared with the information presented in the previous 

Subchapter, while the PR technique cannot fully capture the flow mechanism of the soil being pushed 

under the tip towards the shaft of the pile, these approaches (ALE, CEL or MPM) are appropriate to 

model such mechanisms (Engin et al, 2015). 
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3.2.2 Pile Installation in PLAXIS 2D 

PLAXIS 2D was used for this study and it is a two-dimensional (2D) small-strain finite element 

formulation. Therefore, only the methods described in Chapter 3.2.1.1 can be applied, i.e. Cavity 

Expansion or PR methods. A three-dimensional (3D) approach would be also pertinent in order to obtain 

a more realistic analysis of the effects of driven pile installation, particularly the effect on surrounding 

structures (retaining wall and other already driven piles in the vicinity), however this was not considered 

in this study because of the complexity of such modelling, and it was considered that a 2D representation 

was a reasonable first approximation. 

Considering the geometry of the case study that is presented in Chapter 4, a 2D plane strain approach 

was considered the one that best suited the intended simulation. The following reasons are behind that 

choice:  

• The key element in the case study is a combi-pile wall formed from driven steel tubes and sheet 

piles and the 2D plane strain geometry is appropriate for the analysis of this type of structure; 

• The impact of installing several rows of bearing piles behind the combi-pile wall is to be analysed. 

These piles are positioned at the same distance from each other (2.5 m), in rows that are parallel to 

the wall with the number of piles per row being much larger than the number of rows. Considering 

this geometry, the large number of piles per row enables the development of an equivalent 

behaviour to that of a wall (in plane strain) since the extent of driven piles in the plane of the retaining 

wall is much larger than the out-of-plane extent. 

The plane strain model considers that the strains take place only in the plane of the model which, in 

PLAXIS 2D version 8.2 terms, is the x-y plane. Along the longitudinal axis, in the out of plane direction, 

the strain is assumed be zero, which means that εz = 0. Normal stresses in z-direction are fully taken 

into account. This model allows the pile to have an equivalent behaviour to that of a wall, extending 

indefinitely in the direction of the z-axis. 

3.3 Effect of Plug on Horizontal Displacements due to Pile Driving 

In the Case Study that will be fully described in Chapter 4, there was access to a set of pile plugging 

levels that were measured on some bearing piles located in the five rows behind the retaining wall. The 

analysis of those data allowed the following conclusions that are presented in Table 7: 

Table 7 – Average values deducted from pile plugging levels data 

Average level at which 
pile started plugging 

Average pile cut-
off level 

Average pile toe 
level 

[m] [m] [m] 

-18.009 2.647 -24.177 

Considering the information presented in Table 7 and the concept of “plugging”, it is possible to conclude 

that from the average level at which a bearing pile started plugging to its average toe level (through a 

length of 6.167 meters), average bearing pile behaved as a full displacement pile. On the other hand, 
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from the beginning of pile driving until the average level at which pile started plugging (through a length 

of 20.656 meters), the average bearing pile behaved as an open-ended pile, thus disturbing the soil 

significantly less than a close-ended pile.  

This consideration leads to an important conclusion: the behaviour of the average bearing pile through 

its installation is located between a close-ended pile and an open-ended pile in terms of soil disturbance. 

Figure 25 presents a schematic of the general behaviour of a bearing pile under these circumstances. 

Being L the full length of the pile, y1 the length from the beginning of driving until the level at which the 

pile started plugging, which produces an average horizontal soil displacement of uopen-ended and y2 the 

length of the “plugging” effect, which develops an average horizontal soil displacement of uclose-ended, a 

simple methodology to estimate an average value of horizontal soil displacement due to pile considering 

the plugging effect could be to take a simple weighted average as follows: 

𝑢𝑝𝑙𝑢𝑔𝑔𝑒𝑑 𝑝𝑖𝑙𝑒 =
𝑦1

𝐿
(𝑢𝑜𝑝𝑒𝑛−𝑒𝑛𝑑𝑒𝑑) +

𝑦2

𝐿
(𝑢𝑐𝑙𝑜𝑠𝑒−𝑒𝑛𝑑𝑒𝑑)    (3-1) 

Considering the calculation tool deducted by the cavity expansion method, it was possible to estimate 

the horizontal soil displacements for an open-ended pile and the correspondent values if the pile 

behaved as close-ended. Therefore, taking into account the average values for y1 and y2 and dividing 

horizontal displacement values by the pile radius, R0, the average plugged pile curve, which relates the 

non-dimensional horizontal displacement (u/R0) with the non-dimensional distance from the pile shaft 

(X/R0) was calculated as it is presented in Figure 39. 

 

Figure 39 – Comparison of the horizontal soil disturbance produced by open-ended, closed-
ended and plugged piles 

Since the plugged pile behaves as an open-ended pile through most of its length, the correspondent 

curve is closer to the soil disturbance curve defined for a purely open-ended pile. On this matter, it is 

important to notice that plugging seems to have begun while the pile tip was in the middle of the “till-

granular” stratum in average terms and considering that this is the correct average geometry of the 

ground profile. 
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4 CASE-STUDY 

4.1 Background 

The Case Study is based on a heavy-duty quay for the load-in of marine structures. The dock structure 

comprises a steel combi-pile wall with a piled load bearing slab behind (Figure 40).  

 

Figure 40 – Scheme of wall section (only for the “Quay Wall”) 

The combi-pile wall is formed by regularly spaced spiral-welded steel tubes, connected by U-profile steel 

sheet piles (Figure 40 and Table 8). This quay is divided in three sections of wall, each of different 

effective bending stiffness, as is detailed in Table 8. 

Table 8 – Details of the Sections of the Retaining Walls 

Retaining Wall Piles 

Section 
Pile Diameter (D) Pile Spacing (s) 

Sheet Pile 
(mm) (mm) 

Wingwall 1 1420 2230 1/AU17 

Quay Wall 1600 2860 2/PU28 

Wingwall 2 1420 3730 3/AU17 

The new quay wall was installed along the side of an existing dry dock. To facilitate its construction, the 

area was first cleared of obstructions and then a berm was constructed on the line of the wall to enable 

access of construction equipment. The planned construction sequence was as follows: 

1. Drive 1600 mm diameter and 20 mm thickness combi-pile wall through glacial till to sandstone at 

about 22 m depth: this process took about 4 months to complete; 

2. Backfill behind wall to allow access to tube heads and then ream-out tubes, form a 3-4 m rock 

socket and infill with reinforced concrete: this took about 3 months and no adverse movement of 

the tubes was reported. However, due to buckling of a number of the combi-pile tubes several of 

the rock sockets could not be completed and 11 no. 1420 mm diameter and 19.8 mm thickness 

remedial piles were installed behind the quay wall; 

3. Install 660 mm diameter and 14 mm thickness steel tube bearing piles on 2.5 x 2.5 m grid behind 

quay wall: photographic evidence suggests that bearing pile installation actually started at about 

the same time as the wall piling, and that all but the last five rows immediately behind the wall (left 

out to allow access to the wall), were completed – this makes sense as the tiebacks (see below) 

are attached to the slab which also had to be partly completed to allow the next stage to proceed; 
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4. Install tiebacks and cast heavy duty pavement slab on bearing piles: it was when setting out the 

formwork for the relieving slab behind the wall that a horizontal movement of the retaining wall piles 

of up to 350 mm was identified, as summarized in Table 29. When this happened, the remaining 5 

rows of bearing piles had been driven behind the combi-wall; 

5. Remove berm to dry dock level: naturally, this stage was delayed while the reasons for the 

movement were examined and remedial measures were developed. 

Besides the combi-piles, the heads of the 5 rows of bearing piles that had been driven behind the combi-

wall were surveyed. As it is shown in Figure 67 and Figure 68, horizontal displacement is not limited to 

the retaining wall piles. It is apparent from the bearing pile movements that the row closest to the combi-

wall was installed first. Subsequent rows of bearing piles exhibit less movement.  

4.2 The Actual Construction Sequence 

In Table 9 is presented a description of the actual construction sequence developed in this Case Study. 

Table 9 – Description of the actual construction sequence 

Construction Stage Duration Description 

Site Clearance 4 months 

Removal of extant foundations of a relict dry dock, which would otherwise 
have obstructed piling works for the quay. 

During excavation works, the depth of the breakout extended below the level 
of the dry dock and groundwater percolated through fissures in the base. 
This groundwater was understood to be associated with artesian water that 
was present in a sand layer approximately 6 meters below the dry dock 
base. 

Backfilling 
Operations 

3 months 

To enable backfilling, a drainage layer was placed and a vertical pipe 
installed to allow water pressures to be controlled by pumping until sufficient 
clay was in place to resist uplift pressures. Material was backfilled using 
cohesive material from on-site stockpile following a compaction trial. 

Bulk Filling and 
Temporary 
Earthworks 

2 months 

Bulk fill earthworks to create a berm for piling and temporarily restraining the 
front wall during construction.  

Importation of a drainage/starter layer over which the berm was constructed 
to provide a working area for installation of front wall piles. 

After front wall piles were installed, an as-built survey was carried out on the 
Load-in Quay (29/11/14). This showed the piles to be constructed within the 
specified tolerance of their plan position (+/- 75 mm). 

After installing the piles, a working platform was created behind the wall to 
a level of +0.65mAOD to allow access for drilling plant. Behind the east and 
west wing walls the working platform was constructed to a level of 
+2.15mAOD. 

Installation of Piles 

5 months Retaining wall piles were installed along the berm in a period of 4 months.  

3 months 
Retaining wall piles were then drilled out and concreted in the following 3 
months. 

1 month 
During augering of the front wall piles it was discovered that the toes of some 
of them had crumpled and a series of remedial piles were installed on the 
adjacent row behind the combi-wall. 

2 months 

Five rows of 660 mm of diameter bearing piles were then driven behind the 
retaining wall. These were installed using a series of spud piles that were 
set out to design co-ordinates and the intermediate piles were then installed 
using a gate restrained by the spud pile. Apart from the spud piles, the piles 
were generally constructed in rows working back from the retaining wall. The 
bearing piles are on a 2,5 x 2,5 meters grid. The bearing piles were installed 
using a vibro-hammer for the first 6-7 meters and were then driven to the 
required set using an impact hammer.  

The works adjacent to the front wall have ceased after reaching the installation of the fifth row of bearing 

piles due to the unusual movement recorded on the quay wall. Later, a 2D plane strain model to simulate 
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the wall movement due to the construction sequence will be developed, focusing mainly on the effect 

due to the installation of the bearing piles on the active side of the wall. However, it was necessary to 

develop some adaptations, which will be explained and justified during the analysis. 

4.3 Potential Causes for Wall Movement 

Before the conclusion of the works, an unpredicted horizontal movement of 350 mm was observed in 

the retaining wall. Before attributing the problem to the pile installation, a number of other potential 

causes were explored by the project designers, i.e.: 

• Site investigation inadequate/insufficient, giving an incorrect expectation of ground conditions; 

• Soil boundaries, the position or thickness of ground types was not as envisaged despite a 

reasonable level of site investigation; 

• Soil properties were not as expected; 

• Groundwater is higher than expected or is present where it was not expected; 

• Construction was not in accordance with the design intent, causing load to be applied in an incorrect 

sequence; 

• Load being applied more than the design load, for example by plant or temporary stockpiles; 

• Construction quality not being in accordance with the specification, so that lateral forces on the wall 

are greater than expected, or conversely passive resistance is less than expected; 

• Lateral forces being developed on the wall that were not expected; 

• Software error; 

• A combination of the above. 

None of these issues could adequately explain the wall movements and given that there was evidence 

of lateral deformations amongst the bearing piles elsewhere on the site, it was concluded that the 

installation of the bearing piles had to be considered the main cause. The remainder of this thesis 

examines the occurrence of lateral ground deformations due to pile installation based on the semi-

analytical methods described earlier and the finite element method. 

4.4 Quay Wall Movement predicted by Analytical Approaches 

Two analytical approaches were defined, explained and applied in a theoretical example in Chapter 3. 

Since there is information about the horizontal displacements measured on the piles of the combi-wall, 

it is an opportunity to compare those values with the ones computed through the methodologies already 

defined.  

As it was explained earlier, the methodology proposed by Randolph et al (1979b) considers the ratio of 

net pile area to gross pile area (ρ) as an important factor to distinguish the installation of open-ended 

and close-ended piles. Since the goal is to compare the calculated values through this methodology 

with the measured displacements of the retaining wall obtained in the case study, the calculation of the 

cumulated contribution of each bearing pile on the wall is necessary to approximate this methodology 
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to the real problem. The technical report specifically states that the bearing piles are steel tubes, which 

means that can be defined as open-ended piles. In Table 10 are the geomteric informations that enable 

the calculation of ρ. 

Table 10 – Calculation of the ratio of net pile area to gross pile area for the bearing piles behind 
the combi-wall 

ri r0 ρ 

[mm] [mm] [-] 

315.2 330 0.09 

As it was referred in the previous chapter, a characteristic of an open-ended tube is that the material 

within the tube can plug, or partially plug and, at some point, the pile can act as a large/full displacement 

pile during driving. Considering this statement, in order to consider the worst-case scenario in the 

simulation, the bearing piles will be considered as close-ended tubes in the following analysis, which 

means that the value of the ratio of net pile area to gross pile area will be equal to 1. 

In Figure 41 is presented a geometric arrangement of the first seven combi-piles of the retaining wall 

and the five rows of bearing piles installed behind the wall. The inferred order of installation of each row 

of bearing piles is also presented. 

Focusing on combi-pile C04 from the retaining wall, considering the geometric arrangement presented 

in Figure 41 (and the influence of 5 bearing pile rows), assuming a rigid rotation of the retaining wall at 

the rockhead level and considering the fact that the other combi-piles (of the retaining wall) next to C04 

do not restrain its movement in the in-plane direction, it is possible to acknowledge the following analysis 

regarding its movement at the cut-off: 

• Out-of-plane measured total deviation: 261 mm; 

• CEM out-of-plane estimated deviation: 259 mm (99.2% of the measured value); 

• SSPM out-of-pane estimated deviation: 236 mm (90.5% of the measured value). 

It is evident that the values estimated by these methodologies are very close to the value measured in 

this Case Study. However, it is important to highlight that both calculations don’t take into account the 

fact that the in-plane deviation is restrained, which means that the movement in the x-axis presented in 

Figure 42 – left doesn’t happen in reality (or, at least, in the magnitude of the analytical calculations 

developed). This may indicate an overestimation that can be associated to both approaches, especially 

through the Cavity Expansion Method. 
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Figure 41 – Geometric arrangement of the first seven combi-piles of the retaining wall and the 
five rows of bearing piles 

 

Figure 42 – Comparison of Cavity Expansion and Shallow Strain-Path Methods to simulate the 
lateral deviation at the cut-off of combi-pile C01 due to the installation of 24 bearing piles 

distributed in 5 rows 

This approach was developed for all of the 21 retaining wall piles considering the same assumptions 

stated regarding combi-pile C04. Another specific example is presented focusing on combi-pile C01 

from the retaining wall (Figure 42 – right), enabling the following conclusions regarding its movement at 

the cut-off: 

• Out-of-plane measured total deviation: 169 mm; 

• CEM out-of-plane estimated deviation: 182 mm (107.8% of the measured value); 

• SSPM out-of-pane estimated deviation: 161 mm (95.6% of the measured value). 
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However, as is it shown, the computed values do not consider any restraint from the East Wingwall and, 

therefore, combi-pile C01 also deviates 238 mm and 174 mm, respectively through Cavity Expansion 

and Shallow Strain-Path Methods, in the in-plane direction. That fact may not be in accordance with the 

reality because, as it is presented in Figure 43, there are 10 combi-piles at the East Wingwall next to 

the combi-pile C01 which can provide the necessary restraint so that the deviation is essentially in the 

out-of-pane direction (in the y-axis). If that restraint was considered, it would be possible to assume that 

some in-plane movement (in the x-axis) could be transferred to the out-of-plane direction, making the 

results obtained through both considered methodologies larger since the combi-pile C01 would be 

obliged to concentrate its deviation in the out-of-plane direction. 

 

Figure 43 – Relative position of combi-pile C01 to the location of the East Wingwall 

In Figure 44 is presented a final configuration of the deviation of all the retaining wall piles due to the 

installation of 5 rows of bearing piles. The results from the Cavity Expansion and Shallow Strain-Path 

Methods applied to this geometry can be compared with the measured values from the Case Study. 

Since the Cavity Expansion Method depends only on the pile radius and the distance of the retaining 

wall to the bearing piles, the final configuration of the results obtained by this approach is easily 

explained. The largest values of the retaining wall pile deviation will happen in the centre of the wall 

because the contribution of the bearing piles to the component in the out-of-plane direction of the wall 

will be higher. For instance, a retaining wall pile such as C01 presented in this chapter is located at one 

of the ends of this wall. Therefore, since the movement of this combi-pile was calculated considering 

the influence of all the 5 rows of bearing piles behind the wall, the contribution of the bearing piles 

positioned further away along the in-plane direction of the wall will have a significantly lower contribution 

on the out-of-plane movement of the combi-pile C01, hence the lower value. 

The results from the Shallow Strain-Path Method are presented with a similar configuration. They 

depend also only on geometry factors. This approach depends on the length of the piles to estimate the 

movement due to the correspondent installation. Since the Case Study lacks some information on the 
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length of some the bearing piles positioned in the first row behind the retaining wall, an average length 

value for the bearing piles was considered in the calculation.  

 

Figure 44 – Configuration of the retaining wall deviation considering the measured values 
obtained from the case study and those calculated using the Cavity Expansion and Shallow 

Strain-Path Methods applied to the case study 

Another important observation that is important to mention is that the results obtained through the Cavity 

Expansion Method are larger than those computed considering the Shallow Strain-Path Method. 

However, both approaches seem to underestimate the measured values taking into account the 

geometry factors considered. 

Besides the previous analysis, it was calculated the contribution of each of the first 5 rows of bearing 

installed behind the retaining wall to its movement. In Table 11 is presented a summary of the minimum, 

average and maximum values calculated to estimate the contribution of each row to the movement of 

the retaining wall in terms of percentage. This information will be relevant to the development of the 

finite element analysis since the contribution of each row will be considered as a first calibration to model 

the bearing piles installation.  

Table 11 – Minimum, average and maximum values of the contribution of each row of bearing 
piles to the movement of the retaining wall in both methodologies (CEM and SSPM) 

Rows 
Minimum Average Maximum 

CEM SSPM CEM SSPM CEM SSPM 

1st row 22.29% 23.76% 23.37% 24.98% 25.28% 27.26% 

2nd row 20.75% 21.57% 21.33% 22.05% 21.69% 22.48% 

3rd row 19.16% 18.99% 19.72% 19.60% 19.98% 19.87% 

4th row 17.62% 16.67% 18.37% 17.59% 18.83% 18.11% 

5th row 16.47% 14.79% 17.20% 15.78% 17.73% 16.39% 

In Figure 45 is presented a wider configuration of the bearing pile installation geometry further away 

from the retaining wall. It is possible to see at least 9 additional rows of bearing piles starting from a 

distance of approximately 25 meters from the retaining wall. These 9 rows seem to have been installed 



 

50 

concurrently with the retaining wall construction and, therefore, it is not clear how much impact they had. 

Besides, in the row of bearing piles closest to the retaining wall it is possible to see some bearing piles 

with a larger diameter when compared to the other bearing piles. These are the remedial piles that were 

referred in Chapter 4.2 (Table 9). During cleaning of the retaining wall piles it was discovered that the 

toes of some of them had crumpled, hence the installation of some remedial piles with the same diameter 

of the retaining wall piles. 

 

Figure 45 – Full bearing pile configuration behind the retaining wall 

Including also the average values of plugging presented in Table 7 and the simple methodology 

developed for the estimation of the deviation due to the installation of a plugged driven pile defined in 

Chapter 3.3, the configuration presented in Figure 46 also considers the estimations affected by these 

circumstances. The following observations are possible to withdraw in this analysis: 

• The analytical approaches seem to highly overestimate the out-of-plane deviation due to driven pile 

installation when considering the influence of the additional 9 rows or the diameter increase of the 

remedial piles when compared with the diameter of the original bearing piles. Actually, the Cavity 

Expansion Method is particularly sensitive to the addition of the 9 rows of bearing piles, despite their 

significant distance to the retaining wall. This fact may indicate that this particular approach offers 

unrealistic results after a certain distance (of the bearing piles to the retaining wall); 

• Considering the configuration of the measured out-of-plane deviation, the most affected area of the 

retaining wall seems to be located where the remedial piles were installed. Actually, in the cases of 

the variable x between 0 and 10000 mm the behaviour of the analytical approaches is similar to the 

configuration defined in the measured values, despite the clear overestimation of the analytical 

results; 

• The consideration of the average plugging values in the bearing piles leads to a clear 

underestimation of the out-of-plane deviation, when compared to the measured values. 
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Figure 46 – Cumulative effect of the complete set of bearing piles on the movement of the 
retaining wall 

4.5 Finite Element Analysis – Design Model 

4.5.1 Introduction 

This “FEA Design Model” is defined considering the geometry and materials presented in the design 

ground profile. The design procedure for single propped retaining walls is a relatively straightforward 

process that can be undertaken by hand but is most efficiently developed by computer. In this case, the 

original retaining wall analysis was carried out using the WALLAP Retaining Wall Analysis programme 

by Geosolve. WALLAP is a program designed for the analysis of cantilevered and propped retaining 

walls, being suitable for the analysis of temporary works, such as sheet pile walls, and also permanent 

works like reinforced concrete diaphragm walls and contiguous bored pile walls.  

Since this analysis is being developed to estimate the movements of the wall due to construction 

sequence, it was necessary to consider another program for that purpose. In the following, the basis for 

finite element analysis (FEA) using PLAXIS 2D, version 8.2 is described.  

4.5.2 Geometry and Ground Conditions 

The numerical model is composed by eleven different materials: the retaining wall (which is actually 

defined by three different kinds of plates), the bearing piles, the slab, the anchor and five different strata. 

Information on ground conditions, including in situ and laboratory test data, has been used to interpret 

the soil and rock stratification and the geotechnical properties of the various strata. The deepest stratum, 

which the retaining wall and the bearing piles use as foundation due to its mechanic characteristics, 

extends to depth, assuming that there is a rigid stratum at its base. Considering the available 

information, the design soil profile will be presented as follows in Table 12. The differentiation between 
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active and passive side is due to the installation of the retaining wall. 

Table 12 – Initial geometry of the ground profile considered in the original design 

Stratum no. 
Elevation of top of 

stratum (m) 

Soil Types 

Active Side Passive Side 

1 5.90 Granular Fill Granular Fill 

2 0.00 Reworked Clay Reworked Clay 

3 -6.65 Firm to Stiff Clay Firm to Stiff Clay 

4 -12.65 Sand Sand 

3 -16.65 Firm to Stiff Clay Firm to Stiff Clay 

5 -22.60 Sandstone Sandstone 

The natural groundwater level is considered to be at the elevation of -0.65 meters in terms of initial 

conditions of the model. In terms of geometry, the initial ground profile used for the design of the quay 

wall is shown in Figure 47. 

 

Figure 47 – Initial geometry of the ground profile considered in the original design 

4.5.3 Materials and Interfaces 

According to the defined geometry, the numerical model comprises eleven different materials. Since the 

initial geometry of the problem comprises a stratification considered to be the representation of the 

ground profile defined a long time before the site clearance that was done as the first stage of the 

construction sequence, it is believed that the excess of water pressures generated will have been 

dissipated before the works start. Having said that, the simulation will be developed in effective stress 

conditions (despite the existence of some cohesive strata).  

Table 13 presents a review of the findings and results of field and laboratory tests that were undertaken 

to determine soil properties appropriate for the analysis. These values were taken from separate reports 

related to this Case Study. The soil parameters used are the same as those recommended for use in 

the original design for the wall and have been used here in order to allow comparison with the original 
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design. 

Each of these strata will be modelled as elastic-perfectly plastic, with Mohr-Coulomb as criteria of 

rupture. While more advanced soil models are available in PLAXIS, this model was used so as to be 

able to provide a direct comparison with the original design analyses. 

No justification for the values of At-rest earth pressure, K0, were provided however they appear to be 

default values based on Jaky’s formula for normally-consolidated soils, except for the “reworked clay” 

where a higher value has been used, perhaps to represent possible compaction pressures. 

Table 13 – Drained Mohr-Coulomb properties for each stratum in the design soil profile 

Identification 
γunsat γsat kx ky cref Φ’ ψ Eref ν K0 

[kN/m3] [m/day] [kN/m2] [º] [º] [kPa] [-] [-] 

Granular Fill 20 20 8.64x10-2 8.64x10-2 0.2 40 5 1.0x104 0.3 0.35 

Reworked 
Clay 

20 20 8.64x10-5 8.64x10-5 0.2 24 0 2.0x104 0.3 1.00 

Firm to Stiff 
Clay 

22 22 8.64x10-5 8.64x10-5 0.2 26 0 4.0x104 0.3 0.60 

Sand 20 20 8.64x10-2 8.64x10-2 0.2 40 5 5.0x104 0.3 0.35 

Sandstone 22 22 8.64x10-2 8.64x10-2 0.2 42 5 2.5x105 0.2 0.35 

The retaining wall will have three different types of materials in its geometric definition. Considering the 

construction sequence undertaken for the front wall, it will be necessary to consider the following 

material types: 1600Φ x 19.2 mm THK steel tube, the infilled tube and the rock socket. Each of these 

materials will be analysed as elastic. Table 14 presents the properties used for this structural element. 

Table 14 – Properties of the elastic plate retaining wall element considered in the analysis 

Identification 
Eeq Aeq Ieq EA EI W ν 

[kN/m2] [m2/m] [m4/m] [kN/m] kNm2/m kN/m/m [-] 

Tube only 21.6x106 0.313 0.100 6.761x106 2.160x106 3.330 0.250 

Infilled Tube 45.9x106 0.494 0.100 2.267x107 4.688x106 20.200 0.250 

Rock Socket 15.7x106 0.816 0.100 1.281x107 1.568x106 12.900 0.250 

The numerical modelling of the soil-retaining wall interaction will be done by means of the tool “interface” 

available in PLAXIS 2D. This tool defines a set of additional nodes the relative displacement between 

the soil masses and the retaining wall. The interface has an elastic-perfectly plastic behaviour, with a 

Mohr-Coulomb rupture criteria and can be controlled by two different parameters: the “virtual thickness 

factor” and the interface value, Rinter. The first parameter allows the calculation of the interface apparent 

thickness, influencing the relative displacement between the soil masses and the retaining wall; the 

second parameter relates both properties of the soil and the interface. In this case, the standard values 

of 0.1 for the “virtual thickness factor” and of 1.0 for Rinter were adopted. The interface was extended 

under the rock socket position to allow for sufficient freedom of deformation and to obtain a more 

accurate stress distribution. Since the strength reduction factor, Rinter, is equal to 1.0, the extended part 

of the interface wasn’t used for soil-structure interaction and, therefore, has the same strength as the 

surrounding soil. 

The bearing piles are structural elements with stiffness and resistance significantly higher than the 

surrounding ground. Therefore, the linear elastic model will be the most appropriate option to simulate 

its behaviour. Besides, the material will be defined as non-porous, which allows the elimination of the 
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water pressures inside the structural element. The adopted properties for the bearing piles are presented 

in Table 15, which are typical values of reinforced concrete structural elements. 

Table 15 – Properties of the non-porous linear elastic bearing pile element used in the analysis 

γunsat γsat kx ky Eref ν 

[kN/m3] [m/day] [kPa] [-] 

25 0 3.0x107 0.100 

In each stratum an interface resistance value of 0.60 (Rinter) was used, which means that the shear 

strength parameters and stiffness of the interface pile-soil elements are reduced by 40% from the 

respective soil parameters in Table 13. 

The properties of the tiebacks are presented in Table 16. The correspondent simulation was developed 

considering the behaviour of a “fixed-end anchor”. 

Table 16 – Properties of the tieback element considered on the FE analysis 

Identification Material Type 
EA Lspacing |Fmax,tens| |Fmax,comp| Equivalent Length 

[kN] [m] [kN] [kN] [m] 

Tieback(s) Elastic 7.705x105 1.0 1.0x1015 1.0x1015 30.0 

The properties of the concrete slab that will be constructed over the bearing piles are presented in Table 

17. Like the bearing piles, the slab is a structural element with stiffness and resistance significantly 

higher than the surrounding ground. Therefore, the linear elastic model will be the most appropriate 

option to simulate its behaviour and the material will be defined as non-porous, which allows the 

elimination of the water pressures inside the structural element.  

Table 17 – Properties of the non-porous linear elastic slab element used in the analysis 

γunsat γsat kx ky Eref ν 

[kN/m3] [m/day] [kPa] [-] 

25 0 5.0x104 0.250 

4.5.4 Finite Element Mesh and Boundary Conditions 

The finite element mesh is generated with 15-noded triangular elements, consisting in a total of 10810 

elements, 87741 nodes and 129720 stress points. The mesh seen in Figure 48 is particularly refined in 

the area surrounding the geometry lines already installed to simulate the construction sequence so that 

the results can be realistic. The adopted boundary conditions prevent vertical and horizontal movement 

on the base of the mesh which is also a no-flow line, while only horizontal movements are prevented on 

the side boundaries which are also constant hydraulic head boundaries.  
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Figure 48 – Finite Element Mesh and Boundary Conditions 

4.5.5 Initial Conditions 

This stage consists on the numerical modelling of the in-situ conditions of the ground, in terms of water 

pressures and vertical and horizontal stress fields. The water pressure field was defined considering a 

phreatic level positioned at a level of -0.65 meters and with a water weight of 10 kN/m3. Figure 49 

presents the initial water pressures field in this case. The “granular fill” stratum, which is defined from 

level 0.0 meters to 5.9 meters, was defined as “cluster dry” in the “cluster pore pressure distribution”. 

The initial stress field was generated by the specific properties of the different soil strata. The vertical 

effective stress field is generated based on the volume weight of each material and on the position of 

the phreatic level. The vertical effective stress field is presented in Figure 50 and seems consistent, with 

increasing values with depth. The horizontal effective stress field was generated based on the definition 

of the “at-rest” coefficient earth pressure, K0, for each stratum which is already presented in Table 13. 

In the “K0 procedure” located in the “input” menu of PLAXIS 2D, it was possible to correspond each 

value presented in Table 13 for K0 for each specific cluster and, therefore, the calculation was developed 

with the correspondent results being presented in Figure 51. In the layer between -6.65 m and -12.65 

m, since the material is “Firm to Stiff Clay”, the value adopted for K0 is equal to 1, which means that the 

correspondent horizontal stresses will be significantly higher. As a consequence, those higher values of 

horizontal stresses can lead to higher bending moments in the retaining wall. 
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Figure 49 – Initial water pressures field 

 

Figure 50 – Initial vertical effective stresses field 

 

Figure 51 – Initial horizontal effective stresses field 

4.5.6 Calculation Phases 

After generating the initial conditions, the model was developed according to the construction sequence 

that was deduced from the technical reports, although some adaptations needed to be considered when 

comparing the calculation phases with the actual construction sequence that is presented in the previous 
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chapter. The development of the construction sequence considered in this model will introduce 

alterations in the numerical model, not only in its geometry, but also in terms of load configurations and 

phreatic level in the passive side of the retaining wall. These modifications will be modelled through the 

option “Plastic Calculation” and “Staged Construction”, which is a powerful feature that enables realistic 

simulation of construction and excavation processes by activating and deactivating clusters of elements, 

application of loads, changing water tables, and so forth (Brinkgreve & Broere, 2006). 

Since there is not enough data and detail on the geometry of the soil profile after the site clearance, it 

was adopted a simplified geometry for the model. The first calculation phase consists of excavating part 

of the first layer so that the soil profile corresponds to that after site clearance and formation of the berm, 

Figure 52.  

For the berm excavation, it was necessary to alter the phreatic level on the passive side of the future 

retaining wall. Instead of the initial water level considered in the initial conditions (-0.65 meters), in a 

specific cluster located in the passive side the water level dropped to a level of -6.65 meters. That 

modification was introduced during the second stage of the model, Figure 53 considering the following 

steps: 

1. Redefine a constant head line at the level of -6.65 m (base of the dock); 

2. Set the pore water pressures in the indicated cluster in Figure 54 to interpolate between the 

redefined constant head line (at -6.65 m) and the pore water pressures at the base of the cluster, 

which has head of -0.65 m as it was set in the initial conditions.  

 

Figure 52 – First calculation phase to model the site clearance 
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Figure 53 – Second calculation phase to model the first excavation stage of the berm 

 

Figure 54 – Second calculation phase to alter the phreatic level in the passive side of the wall 

Every other cluster located above the phreatic level of -0.65 meters on the active side of the retaining 

wall and above -6.65 meters on the passive side of the retaining wall were defined as “cluster dry”. Due 

to this alteration, there will be an unbalanced water pressure between both sides of the wall, but there 

will be no groundwater flow, therefore the generation of water pressure was done by choosing the 

“Phreatic level” option instead of the “Groundwater calculation (steady state)” option. The highlighted 

cluster in Figure 54 was modelled considering the water table positioned at the depth of 6.65 meters. In 

terms of cluster pore pressure distribution, the option “interpolate from adjacent clusters or lines" was 

activated in this cluster, while every other cluster under water was modelled considering the water table 

at the level of -0.65 meters. Therefore, despite the unbalance, the water pressures become equal under 

the depth of 12.65 meters due to the interpolation imposed on the referred cluster, as it is shown in 

Figure 69. 
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The next chapter will present the numerical results of this model. However, it is pertinent to comment 

on an important implication of this alteration of the phreatic level at the passive side of the retaining wall. 

Since the water table is located at the surface of the passive side, the effective stresses will be 

significantly low and, therefore, the soil resistance of the top stratum of the passive side of the retaining 

wall will be a potential source of stability problems. 

Table 18 presents a scheme of the calculation phases in which the design model provided results. 

Actually, in Phase 4, which is the final stage of the berm excavation, the calculation stops due to a “soil 

body collapse”.  

It is pertinent to mention that this calculation was initially intended to be developed in thirteen different 

stages, but the collapse in Phase 4 did not allow the calculation to advance any further. In the next 

chapter some results of the output concerning this stage of the model will be presented and analysed.  

Table 18 – Scheme of the calculation phases on the Design Model 

Calculation Phase Description Numerical Procedure 

0 Initial Conditions - Generation of initial conditions. 

1 First Excavation 
- This calculation phase consists of excavating part of the first 
layer so that the soil profile corresponds to that after site 
clearance and formation of the berm. 

2 – 4 Berm Excavation 

- After the excavation correspondent to the site clearance, the 
subsequent layer is excavated in order to form a berm in the 
passive side of the retaining wall; 
- The excavation of this berm is meant to be developed in three 
different stages. However, the analysis does not go any further 
than the second stage of the berm excavation, which means 
that in phase 4 (third stage of excavation of the berm) the 
prescribed ultimate state will not be reached. 

4.5.7 Numerical Results 

The third calculation phase corresponds to the second stage of the berm excavation. At the fourth 

calculation phase, which is the final stage of the berm excavation, the model stops running, revealing in 

the log info box that the “soil body collapses”. Therefore, the output results were analysed in this phase 

and it was possible to conclude that the geometry of the ground profile with the location of the 

groundwater table on the passive side may be related to the verified collapse in the model. In Figure 55 

is presented the location of the “plastic points” in this stage of the model.  

 

Figure 55 – Plastic points location obtained from the output of the fourth calculation phase 
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The plastic points are the stress points in a plastic state. Normally, two types of plastic points are defined: 

tension cut-off point and Mohr-Coulomb point. Right below the berm excavation a region of plastic points 

is developed that seems to be related to the formation of a collapse mechanism. In this region, the water 

table is at the level of the base of the berm, which can generate a resistance problem on the stratum 

below the berm since the respective effective stresses will be significantly low. 

4.6 Finite Element Analysis – Revised Models 

4.6.1 Introduction 

This numerical approach will be developed in PLAXIS 2D, version 8.2. The finite element model will be 

defined considering the available information on design construction sequence and also on the 

photographic record that was supplied on some technical reports.  

In the following chapters, a detailed description of the geometry of the problem considered in the original 

design, the properties and ground conditions and, finally, of the 2D plane strain approach will be 

developed.   

4.6.2 Geometry and Ground Conditions 

The numerical model is composed by eleven different materials: the retaining wall (which is actually 

defined by three different kinds of plates), the bearing piles, the slab, the anchor and five different strata. 

Site investigation information obtained after the wall misalignment was discovered was used to review 

(by others) the interpreted soil and rock stratification and the geotechnical properties of the various 

strata. Following this review, the ground profile along the line of the wall was revised as indicated in 

Table 19. What is apparent is that the intermediate “sand” layer used in the design model is no longer 

present, the “firm to stiff clay” has been re-designated as “Till – Clay” and it is now underlain by “Till – 

Granular” which is a gravelly sand. 

Table 19 – Initial geometry of the ground profile for the FE analysis 

Stratum no. 
Elevation of top of 

stratum (m) 

Soil Types 

Active Side Passive Side 

1 5.90 Granular Fill Granular Fill 

2 0.00 Clayey Fill Clayey Fill 

3 -6.65 Till-Clay Till-Clay 

4 -15.40 Till-Granular Till-Granular 

5 -23.60 Sandstone Sandstone 

Stratum 5 – “Sandstone”, which the retaining wall and the bearing piles use as foundation due to its 

good mechanical characteristics, extends to the base of the model (at - 60 m) where the boundary 

conditions imply that there is a rigid stratum at its base.  

4.6.3 Materials and Interfaces 

The material properties for each of the model components remain unchanged from those detailed in 
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Chapter 4.5.3 and Table 13 to Table 17. The properties of the “firm to stiff clay” and “sand” in Table 13 

have been reassigned to the soil layers “Till – Clay” and “Till – Granular” respectively. 

4.6.4 Finite Element Mesh and Boundary Conditions 

The finite element mesh is generated with 15-noded triangular elements, consisting in total of 1978 

elements, 16325 nodes and 23736 stress points. The mesh presented in Figure 56 is not as refined as 

the one shown in Figure 48 since it was possible to verify that the specific/extra refinement considered 

in the Design Model did not produce different results when applied to this model. Therefore, since there 

were several variations of the same model to be considered with this mesh, it was used the alternative 

that would require less computational effort. 

 

Figure 56 – Finite Element Mesh and Boundary Conditions 

The adopted boundary conditions prevent vertical and horizontal movement on the base of the mesh 

which is also a no-flow line, while only horizontal movements are prevented on the side boundaries 

which are also constant hydraulic head boundaries. 

4.6.5 Initial Conditions 

The initial stresses were established based on the previously defined values for soil unit weight and K0, 

Table 13 and an initial groundwater level at an elevation of -0.65 meters.  

4.6.6 Calculation Phases 

After generating the initial conditions, the model is developed according to the construction sequence 

that was deduced from the technical reports. A similar procedure as the one initially described in Chapter 

4.5.6 was considered in these Revised Models. However, due to the alterations in these models in terms 

of geometry and materials, it will be possible to account for the rest of the stages. 

Besides, in this Chapter it will be possible to describe and analyse the procedure that was used to 

reproduce the effect of pile installation, which considers the following steps: 
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1) Vertical lines of solid elements were included in the mesh at the location of each row of driven 

bearing piles; 

2) At each cluster of elements representing a row of piles, an internal volume expansion was applied 

to create a cavity expansion effect within the mesh. Each row was treated in this manner in the order 

of installation reported with the amount of volume expansion calibrated to produce with the overall 

recorded combi-wall movement.  

Taking into account the referred considerations regarding the option of a plane strain approach in 

PLAXIS 2D, the main goals with the finite element analysis that was developed in the Case Study 

presented in this Chapter are the following:  

• Simulate the installation of driven piles (called “bearing piles” in this Chapter) by applying volumetric 

strains to clusters of soil in order to reproduce the observed horizontal displacements of the retaining 

wall. In PLAXIS 2D, it is possible to model pile installation by a cavity expansion approach or by 

imposing an internal volumetric strain in soil clusters; 

• Understand whether the analytical approaches (CEM and SSPM) to calculate horizontal 

displacements due to pile installation can be used as pertinent calibration tools in order to analyse 

the contribution of driven pile installation in the out-of-plane movement of a retaining wall; 

• Obtain and analyse the impact of the simulation of the installation process on the retaining wall in 

terms of out-of-plane deviation, bending moments, shear forces. 

The analytical approaches already referred (CEM and SSPM) were used in the Case Study described 

and analysed in the Chapter 4 with the following objectives: 

• Estimate the out-of-plane deviation provoked by the installation of each driven pile in the retaining 

wall; 

• According to the plane strain approach being considered in this analysis, calculate the contribution 

(in terms of percentage of deviation) of each row of driven piles to the out-of-plane deviation of the 

retaining wall. This procedure allows a primary sensitivity analysis regarding the effect of each driven 

pile row on the movement of the retaining wall.   

4.6.6.1 Revised Drained Model 

The first stage of the calculation will consist in the excavation of a significant part of the ground fill that 

is developed between levels 0.0 and 5.9 meters, as it is shown in Figure 57. That procedure is done by 

deactivating some clusters in the “Define” option located in the “Loading input” menu and will be 

considered also to activate other elements already referred earlier in this work (retaining wall elements, 

bearing piles, surcharge, anchors) in later stages of the modelling process.  
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Figure 57 – First modelling stage: rearrangement of the ground geometry in the stratum 
“granular fill” 

After this first excavation it was necessary to alter the phreatic level in the passive side of the future 

retaining wall. Instead of the initial water level considered in the initial conditions (-0.65 meters), in a 

specific cluster located in the passive side, the water level dropped to a level of -6.65 meters. That 

modification was introduced during the second stage of the model, as it is presented in Figure 58. 

Every other cluster located above the phreatic level of -0.65 meters on the active side of the retaining 

wall and above -6.65 meters on the passive side of the retaining wall were defined as “cluster dry”. Due 

to this alteration, there will be an unbalanced water pressure between both sides of the wall, but there 

will be no groundwater flow, therefore the generation of water pressure was done by choosing the 

“Phreatic level” option instead of the “Groundwater calculation (steady state)” option. The highlighted 

cluster in Figure 58 was modelled considering the water table positioned at the depth of 6.65 meters.  

 

Figure 58 – Second modelling stage: phreatic level alteration in a cluster located at the passive 
side of the retaining wall 

In terms of cluster pore pressure distribution, the option “interpolate from adjacent clusters or lines" was 

activated in this cluster, while every other cluster under water was modelled considering the water table 
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at the level of -0.65 meters. Therefore, despite the unbalance, the water pressures become equal under 

the depth of 15.40 meters due to the interpolation imposed on the referred cluster, as it is shown in 

Figure 59 and Figure 69 (the water pressure configuration in depth is the same as the one presented in 

the Design Model). 

From the second to the fourth stages, some clusters located in the “clayey fill” were deactivated so that 

the berm located in the passive side of the future retaining wall could be modelled. The definition of the 

berm was developed in three stages. The deformed mesh of the final configuration of that excavation is 

presented in Figure 60. 

 

Figure 59 – Unbalanced water pressures field due to phreatic level alteration on the passive 
side of the retaining wall  

 

Figure 60 – Deformed mesh of the ground profile after excavating the berm on the passive side 
of the wall (displacements scaled up 50.00 times) 

In the fifth and sixth stages, the structural elements that are part of the retaining wall were activated and, 

considering the construction sequence, some soil clusters in the active side of the retaining wall 

representing the necessary “backfill” were also activated to model with as much accuracy as possible 

the wall installation. In the sixth stage a vertical surcharge with a value of 20 kN/m2 was activated, in the 

downwards direction, in the active side of the retaining wall in a length of approximately 10 meters from 

the wall position. This surcharge was positioned to model the presence of the equipment that was 

required to finish the wall installation.  

In the seventh stage was activated the plate representing the “rock socket” and the bearing pile 

installation process initiated by modelling the installation of the first row of bearing piles behind the 
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retaining wall. This process was developed from the seventh to the eleventh stages of the model and 

was based on the analytical calculations through the Cavity Expansion and Shallow Strain-Path Methods 

applied to this Case Study in Chapter 4.4. In Table 20 is a summary that displays the differences 

between both the analytical and numerical approaches. After imposing the necessary volume strain in 

each bearing pile row, the material of the same clusters is updated from soil to “bearing pile”. 

Table 20 – Comparison between the required contribution of each bearing pile row to produce 
a similar displacement in the retaining wall 

Rows 
Cavity Expansion Method Finite Element Analysis 

Percentage [%] Displacement [mm] Percentage [%] Displacement [mm] 

1st row 25.28% 87.71 16.00% 86.80 

2nd row 21.69% 75.28 13.00% 74.80 

3rd row 19.98% 69.33 11.50% 70.59 

4th row 18.83% 65.33 11.50% 64.93 

5th row 17.73% 61.51 11.75% 61.20 

In the twelfth stage the slab above the bearing piles is activated as well as the tieback that is linked to 

the top of the retaining wall. This will lead to the thirteenth and final stage of this model which is the 

berm excavation in the passive side of the retaining wall. In Figure 61 is presented the deformed 

configuration of the final stage of this model.  

 

Figure 61 – Deformed mesh of the ground profile in the final stage of the model (displacements 
scaled up 20 times) 

It is possible to see that the soil surface at the passive side of the retaining wall is presenting total 

deformation of up to 193 mm, which is reflected in a heave of 135 mm and in a horizontal displacement 

of approximately 138 mm. 
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4.6.6.2 Revised Undrained Models 

The significant difference from this model to the previous one is that the “material type” of the “Clayey 

Fill” and “Till-Clay” is “undrained”. In terms of the correspondent properties, in Table 21 are presented 

the respective differences in these two strata. The undrained shear strength values for the “Clayey Fill” 

were average values from UU triaxial tests, while the “Till-Clay” values were obtained by correlation with 

SPT. This latter stratum is characterized by mainly low to medium plasticity. 

Table 21 – Soil undrained properties for the “Clayey Fill” and “Till-Clay” on the FE analysis 

Identification 
γunsat γsat kx ky cref Φ’ ψ Eref ν K0 

[kN/m3] [m/day] [kN/m2] [º] [º] [kPa] [-] [-] 

Clayey Fill 20 20 8.64x10-5 8.64x10-5 80 0 0 2.5x104 0.3 1.00 

Till-Clay 22 22 8.64x10-5 8.64x10-5 160 0 0 5.0x104 0.3 0.60 

In terms of the calculation phases considered in this model, there was no significant difference 

comparing to the previous model. The bearing pile installation process was the same as it was 

considered in the previous model and the same volume expansion value was inserted in the 

correspondent steps of the model. In Table 22 is presented a comparison between both the drained and 

undrained models when subjected to the same value of volume expansion in each row of bearing piles. 

It is clear that the model where the clayey materials behave as undrained presents significantly less 

movement on the retaining wall when compared with the previous model.  

Table 22 – Comparison of the maximum displacement values obtained in the retaining wall 
between the “Drained Model” and the “Undrained Model” for the same values of volume 

expansion 

Rows 
Volume 

Expansion [%] 

Maximum Displacement [mm] 

Drained Model Undrained Model 

1st row 16.00% 86.80 52.66 

2nd row 13.00% 74.80 43.50 

3rd row 11.50% 70.59 41.87 

4th row 11.50% 64.93 43.49 

5th row 11.75% 61.20 45.00 

As an experiment, the same geometry was modelled with some alterations. Since the values of volume 

expansion presented in Table 22 lead to significantly lower values of displacement in the retaining wall, 

the values of volume expansion were increased so that the displacement values could match the ones 

obtained in the drained model. An iterative process was developed and the closest results to the drained 

model are presented in Table 23. It is important to refer that the volume expansion considered in the 

first row of bearing piles in the Modified Undrained Model was the larger that could be computed without 

generating a “soil body collapse” which, as it was referred in Chapter 4.5.7, corresponds to the 

development of a large region of plastic points that is associated to the generation of a collapse 

mechanism. 

Table 24 presents a scheme that summarizes the calculation phases defined for the Revised Drained 

and Undrained Models. 
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Table 23 – Comparison between the volume expansion values that will be necessary in the 
“Modified Undrained Model” to achieve the same level of displacements obtained in the 

“Drained Model” 

Rows 

Drained Model Modified Undrained Model 

Volume Expansion 
[%] 

Maximum 
Displacement [mm] 

Volume Expansion 
[%] 

Maximum 
Displacement [mm] 

1st row 16.00% 86.80 25.00% 81.92 

2nd row 13.00% 74.80 21.00% 75.35 

3rd row 11.50% 70.59 18.00% 68.33 

4th row 11.50% 64.93 15.00% 65.26 

5th row 11.75% 61.20 12.50% 62.28 

 

Table 24 – Scheme of the calculation phases on the Revised Drained and Undrained Models 

Calculation 
Phase 

Description Numerical Procedure 

0 Initial Conditions - Generation of initial conditions. 

1 First Excavation 
- This calculation phase consists of excavating part of the first layer so 
that the soil profile corresponds to that after site clearance and formation 
of the berm. 

2 – 4 Berm Excavation 

- This sequence starts with the alteration of the phreatic level in the 
passive side of the retaining wall in order to proceed with the berm 
excavation. The phreatic level was positioned at the base of the berm; 
- The excavation was developed in three stages. 

5 
Backfill and Tube 

Installation 

- Activation of the first structural elements that define the retaining wall 
(representing the tube installation); 
- The installation of the tubes was also done in parallel with the activation 
of some soil clusters in the active side of retaining wall, representing the 
necessary backfilling in order to represent more accurately the 
construction sequence. 

6 
Filling Tubes and 

Surcharge 

- Activation of a vertical surcharge with a value of 20 kN/m2, in the 
downwards direction, in the active side of the retaining wall in order to 
model the presence of the equipment that was required to finish the wall 
installation (by filling the tubes). 

7 

Rock Socket and 
Installation of 
First Bearing 

Piles Row 

- Activation of the plate that represents the “rock socket”;  
- Installation of the first row of bearing piles behind the retaining wall 
based on the analytical calculations through the Cavity Expansion and 
Shallow Strain-Path Methods applied to this case study in chapter 4.4. 

8 - 11 

Installation of 
Second to Fifth 

Bearing Pile 
Rows 

- Continuation of the modelling process undertaken to the rest of the rows 
of bearing piles, considering the analytical calculations developed through 
the Cavity Expansion and Shallow Strain-Path Methods applied to this 
case study in chapter 4.4. 

12 
Slab and Tieback 

Installation 

- The slab above the bearing piles is activated as well as the tieback that 
is linked to the top of the retaining wall according to the construction 
sequence that was considered. 

13 Berm Excavation 
- The berm that was partially excavated in the passive side of the retaining 
wall, as it was described in phases 2 to 4, was completely removed so 
that the passive side can be filled with water. 
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4.7 Pre-Anchored Revised Model 

Considering the same geometry, materials, interfaces, meshing, boundary and initial conditions as the 

ones presented in the “Revised Drained Model”, it was developed a model with a difference on the 

construction sequence: installation of an anchor before driving the bearing piles. This variant was 

considered as it was understood that elsewhere on the site this type if sequence may have been 

followed, and an indication of the consequences to the wall elements of driven bearing pile installation 

was sought. 

Analysing the scheme of the calculation phases presented in Table 24, the “tieback installation” located 

in phase 12 is instead developed in Phase 7 together with the rock socket installation. This alteration in 

the construction sequence has led to significant differences in terms of the correspondent displacements 

obtained in the retaining wall by considering the same values in the volume expansion as the ones 

considered the “Revised Drained Model”, as it is presented in Table 25. 

It is relevant to note also that these maximum displacement values presented in the “Anchored Revised 

Model” are located between the depths of -6.65 m and -9.15 m instead of being at the retaining wall 

head like in the other cases. Actually, this fact will lead to the development of significantly higher values 

for the bending moment in the region where the maximum displacement values are located and for the 

shear forces in the retaining wall head when compared with the other cases. Besides, the values 

developed on the anchor forces due to this alteration in the construction sequence will be much larger 

as it will be presented in Chapter 4.8. 

Table 25 – Comparison of the of the contribution of each bearing pile row to the maximum and 
at the pile head movements between the “Revised Drained Model” and the “Anchored Revised 

Model” for the same values of volume expansion 

Rows 
Volume 

Expansion [%] 

Maximum Displacement [mm] 

Revised Drained Model Anchored Revised Model 

At Pile Head Maximum At Pile Head Maximum 

1st row 16.00% 86.80 13.52 51.89 

2nd row 13.00% 74.80 9.30 36.29 

3rd row 11.50% 70.59 8.08 27.53 

4th row 11.50% 64.93 7.93 24.32 

5th row 11.75% 61.20 7.87 22.98 

Total 358.32 46.7 163.01 

4.8 Numerical Results 

The numerical results being exposed consider two different moments in the analysis: immediately after 

the installation of the five rows of bearing piles, in order to replicate the “design concept”, and after final 

excavation of the berm in the passive side of the retaining wall. The analysis will be done in terms of out 

of plane deviation of the retaining wall, bending moments, shear forces, earth pressures and, when 

applicable, anchor forces. The models in consideration are synthesized in Table 26. The consideration 

of a case without modelling the installation of bearing piles behind the retaining wall (Model A1) will be 
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important to have a comparison basis to the other models presented. The Model B2 presents the results 

of the recalibrated version of Model B1. 

Table 26 – Legend indicating the model designators being considered in this Chapter 

A1 Revised Drained Model without Bearing Piles 

A2 Revised Drained Model with Bearing Piles 

B1 Revised Undrained Model with Bearing Piles 

B2 Modified Undrained Model with Bearing Piles 

C Pre-Anchored Revised (Drained) Model with Bearing Piles 

4.8.1 Immediately after Bearing Pile Installation 

The bearing pile installation was already explained, not only in terms of the considered construction 

sequence, but also regarding the implemented modelling process. Since the out-of-plane deviation was 

noticed mainly after the installation of the 5 rows of bearing piles behind the retaining wall, it will be 

important to analyse the impact as well as the state of play of the retaining wall before the final 

excavation in its passive side is undertaken. The active and passive earth pressures are the first 

computed analysis displayed in order to understand the stress state developed in the soil surrounding 

the retaining wall (Figure 62). Besides, the earth pressures also contribute with a good tool to distinguish 

and analyse the stratification of the geological model in depth. The gradual growth of the Young’s 

Modulus in depth of each stratum seems to be fairly represented in the growth of the earth pressures 

also in depth.  

 

Figure 62 – Active and Passive Earth Pressures measured in the Retaining Wall immediately 
after bearing pile installation (left – all models; right – undrained models) 

It is possible to see that the values obtained for Model B2 (Modified Undrained Model with bearing piles) 

are larger than in the other models. In this case, the volume expansion values induced in each row of 
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bearing piles are higher due to the calibration already explained in Chapter 4.6.6.2, which means that 

the pressure induced in the retaining wall will be higher and, as a consequence, the correspondent 

reaction of the structural element. In Figure 62 (right), it is possible to understand in more detail the 

difference between this model and Model B1 (Revised Undrained Model with bearing piles), in which 

the volume expansion values applied in the drained cases was considered the undrained approach. The 

effects of this calibration in terms of earth pressures seems to be more visible in the Till-Granular and 

Sandstone layers. Actually, this acknowledgement will be important to understand some of the values 

obtained in terms of shear forces, bending moments and out-of-plane deviation in Model B2. 

For Model C (Pre-Anchored Revised Model with bearing piles), it is possible to see that the active earth 

pressures in the more superficial depth of the retaining wall are higher than the other models. In this 

model, the anchor element is activated before the bearing pile installation, which means that, at the end 

of this stage, the top of the wall is being restrained in its active side, inducing higher pressures on the 

soil behind the wall as a consequence. 

In Figure 63 is presented a comparison between each model immediately after the installation of the 

bearing piles. Taking into account the results obtained for the Model A1 (Revised Drained Model without 

bearing piles), it is clear the influence of the bearing pile installation.  

 

Figure 63 – Retaining Wall out-of-plane deviation (left), shear forces (middle) and bending 
moments (right) immediately after bearing pile installation 

In Model A1, comparing with the other models, the computed effects in the retaining wall are significantly 

lower in every aspect: the out-of-plane deviation almost reaches 90 mm in the retaining wall head and 

the shear forces and bending moments are also low. The effects in this situation are only due to the 

berm excavation in the passive side of the retaining wall and the installation of the structural elements 

that define the wall. In this case, since the berm excavation was performed before the wall installation, 

the activation of structural elements of the wall was followed by the deviation presented in Figure 63, 

probably due to the need of reaching a new equilibrium state in terms of the stresses induced in the soil. 
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The effect of the installation of bearing piles in the retaining wall is directly acknowledgeable when 

comparing both Models A1 and A2. The difference is significant in all the parameters presented in Figure 

63. The first berm excavation defined between stages 2 and 4 of the finite element analysis (Table 24) 

led to a significant lack of resistance in the passive side of the retaining wall in the first meters of depth. 

That fact has resulted in almost an absence of shear forces and bending moments in that area and, 

hence, more significant out-of-plane deviation. 

The results for Model C can be easily described and justified since the effect of the anchors was being 

considered already in the beginning of the installation of the first row of bearing piles. That leads 

necessarily to lower values in the out-of-plane deviation in the retaining wall head, which are 

complemented by significantly higher values of the shear forces in that region. As a consequence, since 

the highest value of deviation is located at a depth of approximately 5.6 m that will lead to an inflexion 

area, which is necessarily characterized by the absence of shear forces and, thus, the maximum value 

of bending moments. 

Considering Figure 62, it was possible to verify a significant increase of earth pressures in Model B2. 

This verification is particularly noticed in the areas of the retaining wall in contact with the Till-Granular 

and Sandstone layers. Analysing this particular model in the referred area (approximately the last 10 

meters of depth of the retaining wall), it is possible to see that the out-of-plane deviation, shear forces 

and bending moments are the greatest. This fact is in accordance with the earth pressures verification 

referred previously.  

4.8.2 After Final Excavation of the Berm 

In Chapter 4.8.1 it was possible to develop an analysis of the computed earth pressures on the retaining 

wall due to the modelling sequence until the phase immediately after bearing pile installation. Some of 

the verifications developed in that scenario can be revisited in this case. However, since they were 

already described in Chapter 4.8.1, this chapter will be considered mainly to note the complementary 

information that can be worth referring. 

Model B2 continues to present the highest values in terms of active and passive earth pressures 

throughout most of the retaining wall definition (Figure 64). The final excavation of the berm led 

necessarily to a redefinition of the pressures configuration, mainly in the passive side of the retaining 

wall. It has also originated higher values in terms of out-of-plane deviations, shear forces and bending 

moments due to the loss of resistance in the passive side of the retaining wall, as it was expected (Figure 

65). Comparing Model B2 with the Model C, it is possible to verify a clear difference on the results in the 

passive side of the retaining wall in the area between depths of 6.6 and 15.6 meters. That region is 

surrounded by the Till-Clay layer. While the anchors are only activated after the final excavation of the 

berm in Model B2, the same does not happen in Model C, in which the anchors are active through the 

entire bearing pile installation process. That explains, not only the highest values of earth pressures in 

the active side of the retaining wall in the more superficial region, but also the particularly lower values 

in the more superficial region of the passive side. 
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Figure 64 – Active and Passive Earth Pressures measured in the Retaining Wall after final 
excavation of the berm (left – all models; right – undrained models) 

 

Figure 65 – Retaining Wall out-of-plane deviation (left), shear forces (middle) and bending 
moments (right) after final excavation of the berm 

Concerning the bending moments configurations, it is noticeable a significant increase at this stage of 

the modelling process, which is concentrated near the surface of the passive side of the retaining wall 

for almost every model. The exception is Model B2, which seems to have a more distributed 

configuration of bending moments, with a peak near the transition from the Till-Clay layer to the Till-

Granular layer. 
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Regarding the anchor forces that are developed in the tiebacks, in Table 27 is presented a comparison 

between each model considering two different situations: before and after the final excavation of the 

berm. It is evident that the anchor forces before the final excavation will be significantly larger in Model 

C due to the activation of the anchors before the bearing pile installation, which means that the presented 

value will be the cumulated result of the simulation of the installation of five rows of bearing piles. The 

effect of the berm excavation seems to induce similar results in the first four models and a lower value 

in Model C, which means that the final excavation of the berm will have less influence on the generated 

anchor forces in the overall construction sequence due to the earlier activation of the tiebacks. 

Table 27 – Anchor forces (kN/m) developed in the tiebacks before and after the excavation of 
the berm in the passive side of the retaining wall 

Model A1 A2 B1 B2 C 

Bearing piles modelled [-] No Yes Yes Yes Yes 

Before Final Excavation [kN/m] 21.6 16.6 47.1 54.6 1201 

After Final Excavation [kN/m] 447 440 444 493 1487 

Effect of Final Excavation [kN/m] +425 +423 +397 +438 +286 

The activation of the anchors before the installation of the bearing piles presents a lot of different 

constraints when compared with the other scenarios, not only in terms of the response of the retaining 

wall, but also regarding the overall construction sequence. The mitigation of out-of-plane deviation is an 

important advantage obtained with this option, but the wall section will need to account for significantly 

higher shear forces and bending moments. Besides, the installation of the bearing piles must take in 

consideration the fact that the anchors are previously activated, which represents a possible important 

constraint in terms of the construction process since the anchors’ positioning could be compromised. 

It is also relevant to have some notes regarding the influence of this final excavation, which resulted in 

removing the berm in the passive side of the wall. It is clear increase in the out-of-plane deviation, shear 

forces, bending moments and anchor forces. However, in relative terms, comparing to the values 

already obtained immediately after bearing pile installation, the final excavation (in average) contributed 

to increase the out-of-plane deviation in approximately 9%, the shear forces in 17% and the bending 

moments in 77%. These values were obtained considering the average between the maximum values 

of each numerical result. The difference in the bending moments is mainly due to the more accentuated 

increase in model A2. In terms of anchor forces, in models A1, A2, B1 and B2 the effect of final 

excavation is significant due to the construction sequence already mentioned in these cases. However, 

in model C the relative impact is significantly reduced, since the effect of the final excavation only 

corresponds to an increase of approximately 24% of the value before this stage. This analysis may lead 

to believe that the final excavation of the berm would not have impacted that much the works (at least, 

in terms of deviation, which seemed to be the main issue to interrupt the construction sequence). 
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5 CONCLUSIONS 

5.1  Summary and Conclusions  

This dissertation aimed to analyse of some relevant effects of driven pile installation, focusing mainly on 

the lateral displacements generated due to the installation process. This analysis was developed 

considering two different approaches: analytical, using two different methodologies (Cavity Expansion 

Method and Shallow Strain-Path Method) and numerical, using the Finite Element Method.  

The analytical approach served two different purposes: compare the calculated out-of-plane deviation 

of the retaining wall due to pile installation with the measured values and use that estimation as a 

calibration tool in order to develop the finite element analysis. Due to the geometry of the problem, a 

plane strain analysis was carried, which enabled the simulation of the installation of the driven/bearing 

piles in the active side of the retaining wall as the volume expansion of a 2D cluster. Each cluster 

corresponded, then, to a row of bearing piles which contributed with a certain fraction to the movement 

of the retaining wall. 

Regarding the analytical approaches, it became clear that both enable similar estimations on the lateral 

displacements due to pile driving when the distance between the installed driven pile(s) and the target 

being considered to estimate its subsequent deviation is within 5-10 pile radii. The effect of driven pile 

installation on adjacent piles/structures within a similar distance, in terms of lateral displacements, 

seems to be relatively well described by these methods, since the provided estimations seem to follow 

closely some of the measured values (Figure 44). However, the difference between both approaches in 

terms of the contribution to the movement of the retaining wall accentuates as the distance of each row 

to the wall increases.  

It is important to remember that the Cavity Expansion Method assumes that the soil is incompressible, 

plane strain conditions in the direction of pile axis and that already installed piles do not affect lateral 

movements or create a reinforcing effect. As it was referred in Chapter 2.2.2, these assumptions left a 

hint regarding some overestimation of the predicted lateral movements, which is confirmed by the 

analysis presented in Figure 66. This means that these methodologies, despite their ease of 

implementation (especially through the Cavity Expansion Method), must be used carefully in order to 

estimate the impact of the installation of a driven pile in a specific target. Even so, taking into account 

the Case Study, it should be noted that these methodologies could (and, probably should) have been 

considered in order to develop a first assessment of the lateral ground movement effect. Despite offering 

a conservative interpretation of this issue, it would be possible to highlight this potential problem before 

it occurred.  

Actually, the Cavity Expansion Method does not seem to have a realistic sensitivity to the increase of 

the distance of the bearing piles to the retaining wall since the values of the wall movement considering 

the additional rows almost doubles (Figure 46). On the other hand, the values calculated by the Shallow 

Strain-Path Method present a more realistic set of results, because the influence of the additional nine 
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rows seems to decrease with higher sensitivity with the increase of distance of the bearing piles to the 

retaining wall. In Figure 66 is presented the influence of each row of bearing piles in the movement of 

combi-pile C08. This analysis confirms that these methods, particularly the Cavity Expansion Method, 

are probably not the best suited for predicting the lateral displacements in the far-field regions.  

 

Figure 66 – Influence of each bearing pile row on the movement of combi-pile C08 considering 
the CEM and SSPM and the additional 9 rows of bearing piles 

The issue of the far-field analysis is usually underappreciated in comparison with the influence of lateral 

displacements on adjacent piles. In order to develop a more suitable estimation of driven pile installation 

in the far-field regions, it could be pertinent to consider the following approaches: 

• Carry out small scale tests in order to the analyse the movement in the far-field conditions with more 

detail; 

• Develop an analytical approach similar to the Cavity Expansion Method with the incorporation of 

nonlinear stiffness. Following this approach, it would be interesting to complement the 

corresponding analysis with a large strain numerical model considering a more advanced soil model 

with, for instance, nonlinear stiffness (for example, by means of the Hardening Soil Model). The 

validation of this approach could be done through the development of tests close to the pile which 

would result then as an important tool to extrapolate the obtained results to larger distances. 

Regarding the far-field issue in consideration, it would also be pertinent to understand, not only the 

differences of the far-field conditions when compared closer distances from a certain pile (if there are 

any), but also the limit to which, in terms of distance from an installed pile, the far-field conditions should 

be applied instead of the “close-field” scenario. In other words, it would be important to have some 

idea/perspective of the range from which the far-field conditions should be considered and their impact 

in terms of the estimation analysis. Following this thought, concerning the clear overestimation that 

characterizes the Cavity Expansion Method, it would be pertinent to expand the comparison analysis of 

this approach with other Case Studies. With the appropriate statistical data process mechanisms, it 

could be possible to develop a sensitivity analysis in order to establish, for example, a weighted 
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correction coefficient, which would represent more accurately the impacts, in terms of displacements, 

of a driven pile in a specific target. Actually, since these analytical approaches seem to fairly estimate 

the horizontal displacements at small distances from the installed pile (in the already mentioned “close-

field” scenario), this weighted correction coefficient would be more relevant only after a certain distance. 

Regarding the Case-Study itself and focusing on the potential causes for the observed wall movement, 

it is important to reinforce the fact that the analysis of the Design Model described in Chapter 4.5 was 

developed with the program WALLAP, which has some important features that need to be highlighted. 

According to Macleod and Tchepak (2006), WALLAP is limited to analysing a retaining wall as a beam 

in which the supports are represented as springs. It can estimate the movement of the wall itself, but it 

can’t provide information on excavation induced movements. Besides, it is relevant to mention that the 

original design conditions resulted in a wall with marginal levels of stability due to the assumption of the 

position of the groundwater table below the dock floor. Therefore, since WALLAP enables the analysis 

only as a beam-on-spring model, it focuses only on the wall, which means that the (very specific) 

conditions regarding, not only the parameters of the considered geological profile, but also concerning 

the pore water pressures were probably not identified correctly. It would then be extremely important to 

analyse other relevant ultimate limit states, especially hydraulic/uplift failure modes, considering the 

assumed pore water pressure profile. 

The Revised Models were developed with a modified geological profile that was revised based on site 

investigation carried out after the misalignment on the retaining wall was discovered. Taking into account 

the comparison analysis presented in Table 20, it is clear the difference between the values considered 

in the analytical approaches and the values estimated through the finite element method regarding the 

contribution of each row of bearing piles to the movement of the retaining wall. These differences may 

be related to the following: 

• The analytical approaches depend only on geometry factors when it comes to estimate the lateral 

displacement provoked by the installation of a driven pile. However, the finite element analysis 

considers the existence of soil between these two points. To impose a volume expansion in a part 

of this soil using a finite element method is to consider a propagation of this expansion throughout 

this mass of soil until it reaches the retaining wall. Therefore, due to the cumulated soil deformation 

that propagates from the bearing piles to the retaining wall, it can be acceptable that less volume 

strain will be needed to produce the same effect on the wall in terms of displacements. This 

observation is actually in accordance with the considerations already mentioned regarding the 

sensitiveness of the analytical approaches; 

• The contribution of each row decreases with the increase of distance of the bearing pile rows from 

the retaining wall in the analytical approaches, but this does not happen in the finite element 

analysis, where the volume strain imposed in the fifth row is larger than the values considered in 

the third and fourth rows. In the finite element analysis, when a volume strain is imposed, it 

propagates to both sides of the 2D plane analysis. Since the fifth row is the last one installed, it will 

accumulate the volume strain propagation from the first four rows (in the direction opposite to the 
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retaining wall), which may explain the need of a slightly larger value of volume strain in this row to 

compensate the effect of the others and generate the amount of displacement that was prescribed. 

In Table 28 is presented a summary of the obtained values for the contribution of each bearing pile row 

to the wall movement considering the Cavity Expansion Method and the calibrated values considering 

the Finite Element Method developed in PLAXIS 2D. The values in Model B2 (Table 26) are being 

presented in this case since they represent/model more closely the construction sequence undertaken. 

Table 28 – Relation between the contribution of the CEM and the calibrated FEA to the 
movement of the retaining wall 

Rows 
Percentage [%] 

CEM/FEA [-] 
Cavity Expansion Method Finite Element Analysis 

1st row 25.28% 16.00% 1.58 

2nd row 21.69% 13.00% 1.67 

3rd row 19.98% 11.50% 1.74 

4th row 18.83% 11.50% 1.64 

5th row 17.73% 11.75% 1.51 

It is possible to verify that, for this geometry, the Cavity Expansion Method overestimates the “real” 

contribution of each bearing pile row to the movement of the retaining wall in the order of 50% to 70%.  

The bearing pile installation was simulated considering the following procedure:  

1. Vertical lines of solid elements were included in the mesh at the location of each row of driven 

bearing piles;  

2. At each cluster of elements representing a row of piles, an internal volume expansion was applied 

to create a cavity expansion effect within the mesh. Each row was treated in this manner in the order 

of installation reported with the amount of volume expansion calibrated to produce with the overall 

recorded combi-wall movement. 

As it is presented in Table 15, the material considered for the bearing piles is equivalent to reinforced 

concrete. Since these piles are tubes that are filled after being installed, the assumed values seem 

appropriate if the analysis considers only this material in isolated terms. However, since this was a 2D 

model, each cluster of bearing piles actually behaves similarly to a wall section being expanded. This 

section is not formed only by the assumed bearing pile material, but also from soil (which is located 

between every bearing pile). Taking this into account, it would be pertinent to also develop this analysis 

considering weighted material properties (between soil and concrete) for each cluster of bearing piles 

instead of the material presented in Table 15.  

Considering the obtained numerical results, it should be noted that the construction sequence in Model 

C (Table 26), which is explained in more detail in Chapter 4.7, could have been considered in order to 

mitigate the abnormal values of out-of-plane deviation (despite the significantly higher values in terms 

of shear forces, bending moments and anchor forces). Also, it would probably be interesting to consider 

a different configuration for the bearing piles. On this matter, in Figure 70 is presented the layout for 

another quay wall that was constructed before the design of the Case Study presented in dissertation. 

The same construction technique was considered in both cases, considering the installation of a combi-
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pile front wall and 660 mm bearing piles in its active side to serve as support for a relieving slab. 

However, there was significant difference: the wall was anchored prior to driving the bearing piles and 

their configuration was different in terms of geometric arrangement. In Figure 71 is presented a 

comparative analysis of both geometric arrangements in the same quay wall in order to understand the 

differences in terms of impact, which are quite clear. In this alternative quay wall there were no reported 

problems in terms of lateral displacements or heave during the construction process.  

5.2 Future Developments 

5.2.1 Effects of Plug on Horizontal Displacements due to Pile Driving 

Regarding this phenomenon, it is important to note that Randolph et al (1979b) reached the analytical 

conclusions regarding plugging in experimental cases in which the ratio between the pile diameter and 

its correspondent thickness was particularly small (𝐷 𝑡⁄ = 8 1.6⁄ = 5). Most real cases of open-ended 

piles are characterized by much larger values for that ratio. Actually, in this Case Study the values are 

completely different (𝐷 𝑡⁄ = 660 14.8⁄ ≅ 45). Randolph et al (1979b) suggest that the plugging effect on 

open-ended piles will continually change the displacement field with depth, which means that the 

analysis process of soil displacement paths for open-ended piles and for close-ended piles will vary 

significantly.  

In Chapter 3.3 there are some average values of the depth at which each bearing pile started plugging 

(Table 7). Actually, it was possible to develop a comparison between the effect provoked by driven pile 

installation considering close-ended, open-ended and plugged piles, using the Cavity Expansion Method 

(Figure 39). In this comparison, it is being assumed that the Cavity Expansion Method can still be 

considered to model the effect of driven pile installation because, as a simplification, part of the pile will 

behave as open-ended and, from the moment it starts plugging, it will behave as close-ended, hence 

the result in Figure 39 of Chapter 3. Actually, regarding this approach, Randolph et al (1979b) also 

suggested that the increased pressure at the pile tip due to the plugging effect originates a pressure 

bulb as if the pile behaved as close-ended, which is caused by the force needed to enable the movement 

of the plug inside of the pile. Therefore, this approximation seemed like a reasonable approximation 

when it comes to predict the influence on the out-of-plane deviation of this type of installation process. 

According to Ko & Jeong (2014), open-ended piles are commonly used in practice. However, there is 

limited consistent information on the respective plugging effects. The relation between the open-ended 

pile diameter and the thickness of the respective walls should be analysed more consistently in order to 

understand the influence of that relation in the differences between the effects generated due to driven 

pile installation. For cases in which the inner diameter is smaller, it is likely that the plugging effect could 

be developed earlier in terms of the pile installation process, thus enabling the behaviour as close-ended 

pile throughout a larger length (which would benefit the pile in terms of its capacity, but also lead to 

higher disturbances in its surroundings). On the other hand, for cases in which the inner diameter of the 

driven pile is larger, since the soil mass within the pile is greater, the inner friction needed to mobilise 

the plug would have to be significantly higher. This would indicate that the plugging effect could be 
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generated later in the pile installation process, allowing the behaviour as a close-ended pile throughout 

a smaller length (leading probably to less pile capacity and lower disturbances in its vicinity). As it was 

referred, that would have consequences in terms of pile capacity and transmitted disturbances to the 

vicinity. In the case of smaller plug length, it would be pertinent to understand how the thickness of the 

pile wall would compensate that fact. Regarding these different combination of effects, it would be 

pertinent to consider the development of experimental work in order to have a more realistic 

sensitiveness regarding these possible issues. These experiments would also be important in order to 

offer some calibration tools to understand how to properly model the plugging phenomenon using 

numerical analysis.  

Following these thoughts and considering the scenario of the Case Study, it would be interesting to 

develop the analysis considering that the bearing piles are plugging (in the Case Study, the bearing 

piles were considered as close-ended). In this type of scenario, since the pile will present a close-ended 

behaviour only after a certain depth due to the plugging effect, the disturbance that will be transmitted 

to the surrounding soil (and, consequently, to the retaining wall) might vary in depth when compared to 

a close-ended pile scenario. Taking into account the considerations concerning the plugging effect 

referred by Randolph et al (1979b), it is likely that the highest values for the earth pressures in the 

retaining wall would only be developed after a certain depth, thus suggesting that the wall response 

might be significantly different in terms of shear forces or bending moments, for example.  

5.2.2 Pile Installation in 3D 

As it was referred, the model used in this case was developed in plane strain conditions since, besides 

the retaining wall, each row of bearing piles was assumed to behave similarly to a wall regarding the 

geometrical conditions of their installation (2.5 x 2.5 m grid). However, the installation of a single pile 

can be analysed also as an axisymmetric problem, since the respective radial strains are equal in all 

directions. It implies that the structures in the model are symmetrical along the vertical axis and the 

model rotates around this axis, which is the case of these driven piles. Since the installation of the pile 

is being modelled as the volume expansion of a cluster, these strains should then propagate in all 

directions in order to model the installation process in a more realistic way.  

In the finite element analysis undertaken in PLAXIS 2D, the installation process of the bearing piles 

followed a plane strain approach, which means that the applied volume expansions only propagated in 

two directions, instead of 3D case. This will probably mean that the values considered for the volume 

expansions in the finite element analysis developed for the presented case study will probably produce 

a different displacement value in a 3D analysis. Actually, considering that this axisymmetric approach 

for the 3D case would propagate the volume expansion in all directions, the values considered in the 

plane strain analysis should provoke smaller displacements in comparison. Besides, the bearing piles 

would also deviate in the in-plane direction for each volume expansion in its vicinity. Therefore, a larger 

value for the volume expansions would need to be considered in order to produce the same effects in 

terms of the out-of-plane deviation of the retaining wall.  
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7 APPENDIX 

Table 29 – Pile head deflections measured on Quay Wall 

West Wingwall Load-in Quay East Wingwall 

Pile 
No. 

Observed 
Deflection 

Predicted 
Deflection Pile 

No. 

Observed 
Deflection 

Predicted 
Deflection Pile 

No. 

Observed 
Deflection 

Predicted 
Deflection 

[mm] [mm] [mm] [mm] [mm] [mm] 

W13 56 

87 

C21 205 

37 

E01 122 

63 

W12 73 C20 256 E02 94 

W11 69 C19 323 E03 75 

W10 86 C18 317 E04 64 

W09 91 C17 321 E05 55 

W08 91 C16 337 E06 53 

W07 84 C15 347 E07 56 

W06 88 C14 338 E08 40 

W05 97 C13 338 E09 33 

W04 108 C12 325 E10 32 

W03 126 C11 324    

W02 173 C10 329    

W01 172 C09 329    

   C08 290    

   C07 278    

   C06 285    

   C05 297    

   C04 261    

   C03 246    

   C02 214    

   C01 170    
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Figure 67 – Pile head survey of bearing piles B1-12 to 66
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Figure 68 – Pile head survey of bearing piles B2-14 to 78 
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Figure 69 – Unbalanced pore water pressures due to water table alteration on passive side of 
the wall 
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Figure 70 – Geometric arrangement of another quay wall installed prior to the Case Study 

example 

 

Figure 71 – Comparative analysis of the measured values in the Case Study and the 

consideration of the CEM the Case Study geometry and in an alternative arrangement 


