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p [kPa] mean stress 
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δ  [°] interface friction angle 
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θ  [°] direction (cylinder coordinate) 
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m model (scaling) 
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 Introduction 

1.1 Motivation 

In the recent years, the importance of offshore wind energy production in Europe and other 

parts of the world has been steadily increasing. More powerful turbines are developed to 

increase the efficiency of offshore wind generation. To fix the offshore wind turbines (OWT) to 

the seabed, mainly monopile foundations are used in shallow and moderate water depths. 

These large diameter steel pipe piles make up a total share of 81.2% of total installed OWT and 

80.5% of newly installed OWT in 2020 (Wind Europe 2021). They transfer the predominantly 

horizontal loads due to wind, wave and rotor excitation to the soil by means of lateral bedding. 

To install these foundations in the seabed, impact pile driving is used. A lot of experience with 

this method is present at contractors and consultants for installation and lateral design. 

However, impact pile driving leads to high underwater noise emissions, which have to be 

mitigated elaborately to reduce environmental impacts. Furthermore, impact pile driving is 

responsible for a considerable amount of fatigue during the lifetime of a monopile foundation. 

Lastly, the relatively long time needed to install a monopile including pile handling, pick-up of 

impact hammer and pure driving time is costly with regard to the immense logistical efforts in 

offshore projects. 

As an alternative to impact pile driving, vibratory pile driving is known from onshore and 

nearshore pile and sheet pile installations in coarse-grained soil. Larger vibratory hammers 

have been developed which are suitable for monopile installation in very dense, 

overconsolidated sands, as has been shown in first commercial (FISCHER et al. 2013) and 

demonstration projects (CAPE Holland 2020). Regarding the lateral load bearing behaviour, 

however, very little experience exists with vibratory driven piles. 

To close this gap and contribute to the a more systematic assessment of vibratory pile driving 

for the installation of monopile foundations for OWT, a comparative study on the installation 

effects of impact and vibratory driven piles and their effects on subsequent lateral loading is 

presented. 
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1.2 Outline 

The evaluation of the relevant literature on pipe pile installation and the lateral behaviour of 

monopile foundations shows manifold studies on the effects of impact pile driving on the 

surrounding soil and also on the calculation methods to estimate the lateral load-bearing 

behaviour of monopile foundations for OWT. The research on the effects during vibratory 

driving is somewhat contradictory and does not focus on the influences on the subsoil. The 

largest share of investigations on the lateral behaviour of monopiles was conducted on small 

scale model investigations or numerical simulations without consideration of pile installation 

effects. Based on the current state of scientific knowledge, the research question about the 

influence of pile installation processes on the soil's stress state and lateral bedding is framed. 

To examine the differences in the lateral behaviour of impact and vibratory driven monopiles, 

investigations were necessary focussing on the influence of the different installation methods 

on the surrounding soil, and on the behaviour of the driven piles under subsequent lateral 

loading. Scale model tests were chosen as they allow for a holistic exploration of geotechnical 

phenomena during pile installation and subsequent lateral loading. Scaling errors were kept 

small by use of a large testing facility. The focus was laid on subsoil conditions as present in the 

German North Sea and moderate loading conditions, including cyclic loading. 

During impact and vibratory pile installation processes, dynamic force and motion 

characteristics of the pile, as well as the development of radial stresses in the soil were 

monitored and analysed. Soil stress developments known from impact pile driving with 

increased radial stresses at the pile toe were also found at vibratory installed piles with a 

specific 'mode' of vibratory driving. For the subsequent lateral loading, the load-displacement 

behaviour of the first cycle, the displacement accumulation, and the system stiffness 

development of further loading cycles and the corresponding soil stress developments were 

examined. Different lateral behaviour could be observed depending on the installation 

parameters. Certain vibratory driven piles showed similar behaviour to impact driven piles, 

while other vibratory driven piles showed larger pile head displacement under lateral loading. 

During cyclic loading from alternating directions, a recovery of accumulated pile head 

displacements and soil stress redistributions were observed. 

Calculations of the static lateral pile behaviour with modified p-y curves considering pile 

installation effects showed good agreement with the first loading cycle of the model tests. 
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Furthermore, a notable effect of increased soil stresses near the pile toe on the lateral behaviour 

of large scale monopile foundations could be predicted. Also, for cyclic loading, a justification of 

reduced displacement accumulation in case of increased soil stresses was found. The activation 

of lateral resistance below the point of rotation ('toe kick') was found crucial for these effects.  
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 Geotechnical aspects on monopile foundations 

for offshore wind turbines 

2.1 Overview 

Different phenomena occurring during pile installation play an important role for the later load-

bearing behaviour. In the context of driven piles in sand, this involves dynamic and cyclic effects 

on the soil state. In Section 2.2, some experiences regarding the influence of impact and 

vibratory installation on pile capacity shall be outlined. Known geotechnical phenomena and 

current research on the soil behaviour during impact and vibratory pile driving are 

summarised. 

The lateral behaviour of offshore monopiles involves a wide range of topics that shall be 

presented in Section 2.3. First, the basic mechanisms of lateral bedding and the non-linearity of 

soil springs according to different p-y approaches will be described. The author will address 

major shortcomings of current offshore guidelines (OGL), especially when applied in the 

context of offshore wind, and some current works facing these issues. In the recent years, a 

large number of studies has been carried out on the behaviour of offshore monopile 

foundations under cyclic lateral loading. Within the framework of laterally loaded piles in sand, 

cyclic effects of the soil and the pile-soil system need to be discussed, including different 

methods to assess cyclic strain accumulation. Apart from static and cyclic behaviour, the 

dynamic response will be addressed. Finally, current knowledge about the influence of the 

installation method on lateral pile behaviour will be presented. 

2.2 Pile installation effects 

2.2.1 Pile capacity of driven piles 

In engineering practice, the axial capacity of a vibratory driven pile is considered to be lower 

than that of an impact driven pile. A lot of research has been conducted on the comparison of 

the axial pile capacity of impact and vibratory driven piles (MOSHER 1987; LAMMERTZ & RICHWIEN 

2006; HARTUNG 1994; BOREL et al. 2006; VIPULANANDAN et al. 1990; STAHLMANN et al. 2014). In 

most cases, the above statement regarding the comparative axial capacity of impact and 

vibratory driven piles is supported by test results. However, the axial capacity of vibratory 

driven piles is strongly influenced by installation parameters, e.g. driving frequency (HARTUNG 
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1994). In some cases, vibratory driven piles show even higher bearing capacities than impact 

driven piles. The following Figure 2-1 contrasts bearing capacities from vibratory driven piles 

Rvibro and impact driven piles Rimpact. Markers in the upper-left part indicate higher bearing 

capacity of impact driven piles.  

 

Figure 2-1: Comparison of (axial) resistance of vibratory 

and impact driven piles (FISCHER et al. 2013) 

Explanation on the different pile bearing capacities is mostly given based on empirical relations, 

such as differing boundary conditions (e.g. relative soil density) or pile driving parameters (e.g. 

vibratory driving frequency) instead of geotechnical phenomenology. In the opinion of the 

author these generalised empirical-based findings should not be transferred to the lateral pile 

capacity without fully understanding the underlying soil mechanical phenomena. 

Regarding the lateral bearing capacity, little research is available about differences between 

impact driven and vibratory driven piles. Within the 'VIBRO project' (GATTERMANN et al. 2015; 

MOORMANN et al. 2016; ACHMUS et al. 2020), comparative in-situ tests on three pairs of impact 

and vibratory driven monopiles showed lower or comparable lateral capacity and stiffness of 

the vibratory driven piles, depending on the penetration speed of the vibratory driven piles. 

One vibratory driven pile with rather low penetration speed showed almost the same lateral 

stiffness as the corresponding impact driven piles. LABENSKI (2018) carried out scale model tests 

on piles with different pile vibratory pile driving parameters resulting in 'cavity' and 'non-
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cavity' vibration modes (see section 2.2.3). Depending on the vibration mode, the lateral 

capacity of vibratory driven piles was similar to impact driven piles ('cavity' driven piles) or 

lower ('non-cavity' driven piles). 

2.2.2 Impact pile driving 

Regarding the soil behaviour due to pile installation processes, a lot of research focussing on 

axial pile bearing behaviour and driveability was carried out. Different authors used 

experimental setups with plane, half, and full model tests in combination with solid piles and 

pipe piles for their investigations. Numerical simulations which will be discussed later. It has to 

be noted that the penetration of unplugged pipe piles has less influence on the surrounding soil, 

especially on radial stresses, than the penetration of (partially) plugged pipe piles or even solid 

piles (WHITE et al. 2005). 

The most common procedure to install prefabricated piles such as steel pipe piles is impact pile 

driving. Due to the impact loading of the soil around and especially underneath the pile, the soil 

state is affected (LINDER 1977). Figure 2-2 shows the principle of compaction zone under a 

closed or plugged pile toe and adjacent loosening zones. 

  

Figure 2-2: Soil compaction and loosening under driven pile (based on LINDER 1977) 
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To describe the pile driving process by means of wave equation analysis, much experience is 

available for impact pile driving. Linear-elastic/ideal-plastic and viscous mechanical models 

are used to describe static (frictional) and dynamic (damping) pile-soil interaction (SMITH 1960; 

MIDDENDORP 2004). The pile is considered as an elastic bar while the soil (or the pile-soil 

interaction) is modelled by spring and damper elements as depicted in Figure 2-3. Important 

model parameters are the maximum interface resistance and the related relative displacement 

as well as the damping coefficient for both pile shaft and pile toe. Each spring element has a 

yield strength qstat representing the maximum static (or displacement-dependent) resistance 

and the corresponding displacement sq (the so called 'quake'). The spring stiffness is defined as 

Eqs = qstat/sq. Different spring parameters for loading and unloading can be defined. Velocity-

dependent resistance qdamp is calculated by the damping constant Cax, velocity v and exponent 

αdamp. Spring and damping parameters for pile shaft and pile toe are denoted with indices s and 

t. Furthermore, acceleration-dependent inertia forces acting on the pile have to be considered 

(SMITH 1960; JONKER 1987; MIDDENDORP 2004; RAUSCHE 2002). Static, damping and inertia 

resistance yield 

 qstat = Eqs ∙ s (2-1) 

 qdamp = Cax ∙ v
αdamp  (2-2) 

 Rin = mpile ∙ a (2-3) 

Equations (2-1) and (2-2) can be formulated on stress level (as given) or on force level if 

integrated over the according surfaces (pile shaft, pile toe). 

 

Figure 2-3: 1D model for pile installation 
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The maximum static pile shaft resistance qs,stat [kN/m²] of a soil element at a given depth z [m] 

can be interpreted as interface shear strength τs which depends on the normal (= radial) soil 

stress σ'rad [kN/m²] acting on the pile shaft (cf. Figure 2-4): 

 qs,stat(z) = τs(z) = σ′rad(z) ∙ tan(δ) = γ
′ ∙ z ∙ k0 ∙ tan(δ) (2-4) 

with the effe ti e unit weight  f the s i  γ' [kN/m³], the earth pressure coefficient k0 [-] and the 

friction   effi ient tan(δ  [-] (STEVENS et al. 1982). Instead of the definition as stress in [kN/m²], 

qs is often given as line load in [kN/m], acting over the circumference of the pile. Instead of the 

geostatic approach, the shaft resistance is mostly correlated to cone penetration testing (CPT) 

readings in practice (TOOLAN & FOX 1977; JARDINE et al. 2005). 

 

Figure 2-4: Shear stress on pile wall 

For a driven pile, VESIĆ (1970) reported a reduction of the local shaft friction qs (z) with pile 

penetration Lpen [m]. HEEREMA (1978) used the concept of 'friction fatigue' to describe the 

reduction of the initial local shaft resistance a residual value based on the distance between soil 

element and pile toe Lpen − z. Soil stress measurements showed that actually an increase of soil 

stresses can be observed as the pile toe approaches measuring section, which can be explained 

by the soil compaction described above (Figure 2-2). The maximum value of soil stresses in the 

vicinity of the pile is reached shortly before the pile toe reaches the soil element in focus. 

Afterwards, the soil stresses decrease approximately to initial values (before pile installation) 

(ALLARD 1990; GAVIN & LEHANE 2003; WITZEL 2004; LÜKING 2010), as shown in Figure 2-5: 
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Figure 2-5: Development of radial effective soil stress over pile penetration 

(based on FISCHER 2021) 

The height of the non- imensi na  (n rma i e  by the   erbur en  ressure γ'∙   s i  stress 

peaks due to pile driving is independent of the depth and decays with increasing distance from 

the pile in hyperbolical shape (ALLARD 1990). Model tests by FISCHER (2021) revealed that this 

development is valid for both radial and tangential stresses in the vicinity of the pile. 

Another soil mechanical analogy to the reduction of local shaft friction can be given by direct 

shear tests or interface shear tests where the maximum shear strength is mobilised due to a 

certain shear displacement and then drops to a residual value due to further shearing. To 

consider the quasi-cyclic nature of pile penetration due to impact driving, cyclic constant 

normal stiffness (CNS) shear tests can be used, which show a decrease of normal stress with 

number of load cycles due to cyclic shearing (FISCHER 2021). 

For pile driving simulations, the maximum soil resistance available when the pile toe reaches a 

soil element is denoted as 'initial' value (even though the 'initial' stress state is already 

influenced by the approaching pile) and falls to a 'residual' value. According to FISCHER (2021) 

and ALM & HAMRE (2002), the local static resistance to driving (SRD) of a soil element qs,SRD can 

be described as function of the distance between the soil element and the pile toe penetration 

Lpen − z. 
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 qs,SRD = qs,res(z) + (qs,ini(z) − qs,res(z)) ∙ βz(Lpen − z) (2-5) 

The residual soil resistance is defined as a fraction of the initial soil resistance 

 qs,res = qs,ini ∙ βres (2-6) 

with βres,A&H = 0.2 (ALM & HAMRE 2002) and βres,Fi = 0.16 (FISCHER 2021). The resistance 

degradation during pile penetration is described by the factor 

 βz = e
αpen∙(Lpen−z) (2-7) 

with shape factor 

 αpen,A&H =
√qc/σv

′

80
 (2-8) 

according to ALM & HAMRE (2002) for different soil conditions or 

 αpen,Fi = 4.2 − 1.4 ∙ D (2-9) 

according to FISCHER (2021) (for saturated sand) depending on the soil density D [-]1: 

 D =
max n − n

max n − minn
=

ρd −min ρd
max ρd −min ρd

−
1 +min e

1 + e
∙ Dr (2-10) 

Figure 2-6 sh ws the  egra ati n fa t rs βz proposed by FISCHER (2021) and ALM & HAMRE 

(2002) over the distance between soil element and penetration depth Lpen – z.  

 

Figure 2-6: Shaft friction degradation factors βz for offshore conditions  

                                                        

1 D is a dimensionless measure for the soil density based on maximum, minimum and actual porosity n. 

D is used as an alternative to the relative density Dr wich is based on the void ratio e. 
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The plot can be interpreted as a reduction factor for the (initial) soil resistance at end of pile 

driving (EoD). The approach of FISCHER shows a more pronounced decay of pile resistance 

compared to the approach of ALM & HAMRE. 

2.2.3 Vibratory pile installation 

General/installation method 

Vibratory pile driving is an installation method commonly used for pipe piles, steel profiles and 

sheet piles in sand. Fundamentals of the vibratory driving method have been described by 

VIKING (2006), MASSARSCH et al. (2017), and many other authors. Here, the most important 

installation parameters and known soil mechanical phenomena shall be described. 

For vibratory pile installation, a sinusoidal centrifugal force Fc [kN] over time t [s] which 

depends on the eccentric moment Me [kg⋅m] an  the angu ar  ri ing fre uen y ωd [rad/s] is 

applied at the pile head. The driving frequency fd can also be given in [Hz], the corresponding 

cycle period is 1/fd [s] 

 Fc(t) = Me ∙ ωd
2 ∙ sin(ωd ∙ t) (2-11) 

 ωd = fd ∙ 2π (2-12) 

A static surcharge or bias force Fbias [kN] is given by the deadweight of the system and may be 

increased by a pushing apparatus or lowered by line pull of a crane. The centrifugal force results 

in pile vibration that may be described as acceleration a [m/s²], velocity v [m/s] and 

displacement s [m] over time t [s]. Figure 2-7 (left) shows the vertical position z [m] of a 

vibratory driven pile over time. The pile penetration Lpen [m] is overlaid by the dynamic pile 

displacement s. The penetration speed vpen [m/s] is the gradient of the pile penetration Lpen and 

must not be confused with the vibration velocity v. On the right side of the figure, the velocity v 

is plotted over the dynamic pile movement Lpen + s. All parameters are defined positive 

downwards (in direction of pile penetration). 
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Figure 2-7: Pile movement during vibratory driving 

The theoretical peak displacement amplitude s0 [m] depends on the eccentric moment of the 

vibratory hammer Me [kg⋅m] and the dynamic mass mdyn [kg], which is the sum of all moving 

parts of pile and hammer (pile, clamps, gearbox, not suppressor). 

 s0 = Me/mdyn (2-13) 

To describe the driving mode (see below), the upwards and downwards directed pile 

displacements per cycle s↑ and s↓ can be characterised as central parameters. The permanent 

penetration or set per cycle sset can be calculated as 

 sset = s↓ − s↑ = vpen/fd (2-14) 

Rigid body assumption 

For long piles, the propagation of the sinusoidal force through the pile can be regarded as a 

wave propagation problem described by stress wave theory, as commonly applied for impact 

driven piles (see Section 2.2.2). Due to the long period 1/fd compared to the contact time of an 

impact hammer, the problem may be simplified by considering the pile as a rigid body (VIKING 

2002). Based on the driving frequency fd [Hz] and wave travel time Twave [s], this is valid if  

 
1

fd
≫
2 ∙ Lpile

cpile
= Twave (2-15) 
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with 

 cpile = √E/ρ (2-16) 

holds true. The wave travel time Twave is defined by twice (upwards and downwards travelling 

wave) the pile length Lpile [m] divided by the wave speed in the pile cpile [m/s], which depends 

on the modulus of elasticity E [N/m²] an  the  ensity ρ [kg/m²] of the pile material (EA-Pfähle 

2012). 

Pile-soil behaviour during vibratory driving 

As a result of the dynamic motion of the pile, the soil particles in the vicinity of the pile along 

the pile shaft are excited and reach a state of free fall, resulting in a severe reduction of the 

effective normal stresses acting on the pile shaft. This 'cyclic mobility' (VIKING 2006) may be 

supported by soil liquefaction due to excess pore water pressures in case of saturated soil 

conditions. As a consequence, the pile shaft resistance is drastically reduced. This behaviour is 

often termed 'fluidisation' or 'pseudo-liquefaction'. The pile-soil interaction at the pile shaft can 

then be described as viscous (RODGER & LITTLEJOHN 1980). Thus, the pile toe resistance is 

dominant for vibratory driving in granular soils (MASSARSCH et al. 2022). 

Regarding the behaviour of the soil beneath the pile toe, different explanations can be found in 

the literature. RODGER & LITTLEJOHN (1980) distinguish 'viscous' and 'impact' vibratory driving 

modes2. 'Viscous' vibratory driving mode is expected to occur in loose cohesionless soils and 

for piles with low toe resistance. The soil underneath the pile toe is excited and fluidised. The 

pile toe always has contact to the surrounding soil. For penetration, the pile-vibro assembly has 

to overcome the reduced resistance of the fluidised soil. The degree of reduction of soil 

resistance due to fluidisation depends on driving frequency and acceleration amplitude. For the 

static load-displacement relationship given in Figure 2-3, the pile resistance qs (or shear 

strength τs) is reduced depending on the acceleration amplitude as shown in Figure 2-8. 

In 'impact' vibratory driving mode, the soil beneath the pile toe shows elasto-plastic behaviour 

with equal loading and unloading stiffness. The maximum pile toe resistance is mobilised 

during downwards movement of the pile for penetrative motion of the pile. During upward 

                                                        

2 'Viscous' and 'impact' vibratory driving were also called 'fast' and 'slow' vibratory driving, respectively. 

The first-mentioned terms are used here to avoid confusion with 'cavity' and 'non-cavity' vibratory 

driving. 
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motion of the pile-vibro assembly, the pile toe loses contact with the soil ('out-of-contact 

motion'). 

 

Figure 2-8: Relationship between shear strength τs  

and acceleration amplitude a (based on RODGER & LITTLEJOHN 1980) 

(DIERSSEN 1994) distinguished between 'cavity' and 'non-cavity' vibratory driving3, depending 

on whether or not the pile toe loses contact to the underlying soil during upwards motion. Both 

modes are subtypes of 'impact' vibratory driving according to RODGER & LITTLEJOHN (1980). 

Looking at the soil displacements, VOGELSANG (2017) found out that no actual 'cavity' is 

produced underneath the pile toe but probably a liquified soil-water mixture is pumped into 

this region and pumped out again. The development of pile toe resistance during cyclic 

movement is depicted in Figure 2-9. The main difference between 'cavity' (left) and 'non-cavity' 

(right) installation originates from a rotation of primary stresses (change of polarisation) 

during 'out-of-contact' motion (phase II) of 'cavity' driving. This causes a 'swept-out-of-

memory' effect and thus a soil stiffness similar to that of an unloaded sample. Similar behaviour 

can be observed in drained triaxial shear tests with two-way loading (compression and 

extension) (CUDMANI 2001). 

The development of 'cavity' or 'non-cavity' driving mode depends on vibration parameters 

driving frequency fd, eccentric moment Me and bias force Fbias as well as the soil state 

parameters density Dr and mean stress p'. 'Cavity' driving mode is encountered in dense sand 

using high eccentric moment and high driving frequency while 'non-cavity' driving is expected 

in loose sand with low eccentric moment and large surcharge force (CUDMANI 2001). VOGELSANG 

                                                        

3 'Cavity' and 'non-cavity' vibratory driving were originally called 'slow' and 'fast' vibratory driving as 

well. Here, the nomenclature used by CUDMANI 2001 is used to avoid confusion with 'viscous' and 

'impact' vibratory driving modes. 
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(2017) observed an influence of the magnitude and relation of upwards and downwards 

directed movements per cycle s↑ and s↓ on the installation mode. Smaller displacement 

amplitudes with small upwards motion led to 'non-cavity' mode installation processes with 

maximum mobilised pile toe forces equal to those mobilised by a monotonic (jacked) installed 

pile. Large displacement amplitudes with large upwards motions led to 'cavity' mode 

installation processes with lower mobilised pile toe resistance. Cavity mode "is considered (…  

the most widely encountered case" (MASSARSCH et al. 2022). 

 

 

Figure 2-9: Pile toe behaviour during 'cavity' (left) 

and 'non-cavity' (right) vibratory pile driving 

Without actual considering the vibratory driving modes, the soil models and wave equation 

analysis developed for impact driving described in section 2.2.2 have successfully been used to 

model vibratory pile driving (MIDDENDORP & JONKER 1988; RAUSCHE 2002; STEIN 2018). The 

reduction of the soil resistance due to any effects of vibratory driving is considered by global β-

factors (JONKER 1987), comparable to the reduction of local shaft friction used to model impact 

pile driving (cf. Section 2.2.2). MORIYASU et al. (2018) detected a reduction of local shaft friction 
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(friction fatigue) also in the context of vibratory pile installation by means of strain 

measurements along the shaft of vibro-driven piles.  

Effects on soil state 

Experimental half-model tests (REMSPECHER et al. 2019a) and numerical simulations (DARYAEI et 

al. 2018; CHRISOPOULOS et al. 2017) showed the development of a loosening zone in the vicinity 

of the pile (wall) and a compaction zone in further distance. According to REMSPECHER et al. 

(2019a), this effect can be traced to the pile toe penetration and is not influenced by further 

penetration and passing of the pile shaft. DARYAEI et al. (2018) showed influences of the driving 

frequency on the extent of loosening and compaction zone. Similar effects also occur due to 

impact pile driving (DARYAEI et al. 2019; STAUBACH et al. 2020). 

 

Figure 2-10: Soil state changes due to pile driving 

Numerical simulations showed a severe reduction of effective soil stresses indicating soil 

liquefaction in the vicinity of the pile, even in sand with high permeability (CHRISOPOULOS et al. 

2017). Measurements by FISCHER et al. (2013) in 0.1 m distance to a vibrated and an impact 

driven model pile (Dpile = 0.36 m) showed no obvious pore water pressure build-ups. In case of 

the impact driven pile, a development of effective soil stresses over pile penetration was 

observed fitting into the framework of friction fatigue (FISCHER 2021, see section 2.2.2). During 

vibratory driving, the stress state remained more or less unchanged. DARYAEI et al. (2018) also 

detected soil stress concentrations under the pile toe of low-frequency vibrated piles. This 

behaviour is widely known for impact driven piles, as shown above in Figure 2-2 (LINDER 1977).  
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MASSARSCH et al. (2017) and MASSARSCH et al. (2020) presented a variety of field measurements 

and theoretical considerations on vibratory pile installation and vibratory compaction projects. 

As the dynamic change of soil stresses is linked to the particle velocity of the soil (MASSARSCH et 

al. 2022) they concluded that horizontal ground vibrations indicate stress waves which lead to 

a permanent increase of lateral earth pressure around vibratory driven piles. Stress ratios 

(ki = σh/σv) estimated based on CPT readings and dilatometer measurements were shown to 

increase due to vibratory compaction. The change of stress ratio from k0 (earth pressure at rest) 

towards kp (passive earth pressure) with a final value of k1 (earth pressure after compaction) 

is interpreted as overconsolidation, advancing with the number of loading cycles. In most cases 

the ratio of stress ratios lay in a range of k1/k0 ≈ 1 .. 4 with higher values for soils with lower 

cone resistances. It has to be admitted that the majority of cases dealt with in MASSARSCH et al. 

(2017) and MASSARSCH et al. (2020) were compaction projects where the initial soil density can 

be considered rather loose, especially in relation to offshore conditions with dense, already 

overconsolidated sand. 

Effects of vibratory driving frequency 

The vibration frequency fd has a great influence on vibratory pile installation. MASSARSCH et al. 

(2017) and MASSARSCH et al. (2022) distinguish between driving at low frequency (at and below 

the system's resonance frequency (fd ≤ f0,inst) and high frequency (fd > 1.5 ∙ f0,inst). The resonance 

frequency of the vibro-pile-soil system f0,inst is not a soil parameter but depends on parameters 

such as dynamic mass and pile penetration (MASSARSCH et al. 2022). At system resonance, pile 

and soil move in phase leading to little relative displacements and thus elastic soil behaviour. 

The pile penetration speed is reduced when driving near system resonance (MASSARSCH et al. 

2022) while faster pile penetration can be achieved when driving above system resonance 

(HARTUNG 1994). This can be explained by a reduced driving resistance along the pile shaft of 

the plastified soil (about 10% of static shaft resistance) when driving above system resonance 

(fd > 1.5 ∙ f0,inst) and a high shaft resistance of the almost elastic soil (about 100% of static shaft 

resistance) at system resonance (MASSARSCH et al. 2021). 

The displacement amplitude is amplified at system resonance and the energy transmission 

between pile and soil is optimal (MASSARSCH et al. 2022). The ground vibrations increase 

(MASSARSCH et al. 2021) which leads to soil compaction around the pile. Above system 

resonance, an arching zone is formed which leads to a reduction of soil stresses around the pile 
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(MASSARSCH et al. 2022). As a consequence, the resulting axial pile bearing capacity, especially 

the toe resistance, is high for piles driven at system resonance (MASSARSCH et al. 2022) and 

reduces with increasing driving frequency (HARTUNG 1994). 

2.3 Lateral pile behaviour 

2.3.1 Lateral bedding 

The lateral behaviour of a buried pile can be treated as the load-deflection behaviour of a 

bedded beam which can be described by the equation 

 𝐏 = 𝐊 ∙ 𝐲 = (𝐊𝐩𝐢𝐥𝐞 + 𝐊𝐬𝐨𝐢𝐥) ∙ 𝐲 (2-17) 

with the load vector P, the stiffness matrices K for pile and soil and the deformaton vector y. 

The loading vector may consist of a horizontal force and moment at the mudline. The pile 

stiffness matrix is commonly known and elastic behaviour is assumed for the pile material. The 

formulation of the soil stiffness will be discussed in the following sections. In case of a linear 

soil behaviour, the pile deflection and stress resultants can easily be determined. For non-linear 

soil behaviour, an iterative approach is necessary. 

The lateral bedding of vertical members in soil is commonly described as the relationship 

between the soil reaction, defined as line load ppy [kN/m] and lateral deflection y [m]. The 

bedding stiffness Epy is defined as 

 Epy =
ppy

y
 (2-18) 

This approach can be traced to WINKLER (1867), who used linear elastic springs for bedded 

beams to determine internal forces and deflections. TERZAGHI (1955) defined the spring 

stiffness of the soil as coefficient of horizontal subgrade reaction4 Epy. Based on elasticity theory, 

the following relation between spring stiffness and oedemetric stiffness Eoed is proposed: 

 Epy =
Eoed
1.35

 (2-19) 

                                                        

4 The original formulation of TERZAGHI is based on the subgrade reaction as force per unit area. Here, the 

subgrade reaction is defined as line load (force per unit length) and the corresponding stiffness as force 

per unit area. 
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TERZAGHI (1955) assumed linear behaviour of the soil for soil reactions ppy < 0.5⋅ppy,ult. The main 

soil strains arise within a pressure bulb whose horizontal extent depends on the pile diameter 

(approximately 3⋅Dpile around the pile axis).  

2.3.2 Eigenfrequency 

The eigenfrequency of OWT structures, and therefore the dynamic stiffness of the foundation, 

is one key parameter for the design of OWT (ARANY et al. 2017). The eigenfrequency of a single 

pile can be estimated by analogy to a simple cantilever or a linear-elastically bedded beam 

(ACHMUS 2011). For accurate calculation of the dynamic response of a bedded beam, stiffness, 

damping, and mass parameters are necessary. Equation (2-20) shows the general form of the 

differential equation for a dynamic system with the load vector P, stiffness, damping and mass 

matrices K, C, and M and the deflection vector y over time t.  

 𝐏(t) = 𝐊 ∙ 𝐲(t) + 𝐂 ∙ �̇�(t) + 𝐌 ∙ �̈�(t) (2-20) 

For an offshore monopile modelled as an elastically bedded beam, stiffness and mass of the pile 

are known. The soil stiffness can be taken as initial or secant stiffness of appropriate p-y curves. 

Based on measurements from offshore structures, KALLEHAVE et al. (2012) and TODO BOM et al. 

(2020) showed that the eigenfrequency estimation using initial spring stiffness Epy,ini according 

to offshore guidelines (see Section 2.3.3) underestimates the dynamic stiffness of the soil. 

Small-strain stiffness parameters (e.g. dynamic shear modulus Gdyn) are suggested to be used 

for eigenfrequency estimation. 

Regarding soil damping, radiation damping (resulting from wave radiation) and material 

damping (resulting from hysteretic energy loss) need to be distinguished (CARSWELL et al. 2015; 

DAMGAARD et al. 2014). Radiation damping can be neglected at frequencies below 1 Hz 

(SHIRZADEH et al. 2013). Material damping can be described by viscous dashpots. 

PRENDERGAST & GAVIN (2016) used a number of different formulations to determine the dynamic 

spring stiffness for a bedded Winkler beam from small-strain soil stiffness. Eigenfrequency and 

damping of the pile-soil system were calculated, e.g. to investigate the effect of scour on natural 

frequency of offshore monopiles (PRENDERGAST et al. 2015) or for back-analysis of dynamic soil 

parameters (model fitting by changing mass and stiffness) (PRENDERGAST et al. 2019). The small 

strain shear stiffness of the soil Gdyn was obtained from correlations with CPT readings 

(PRENDERGAST et al. 2014). Damping parameters were obtained as linear combination of system 
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stiffness and mass (Rayleigh approach). Alternatively, the approach of LEE et al. (1988) can be 

used to estimate soil damping, as shown in (STEIN 2020). 

2.3.3 Non-linear soil springs (p-y approaches) 

Most p-y approaches use non-linear p-y springs defined by an initial soil (spring) stiffness Epy,ini 

and an ultimate soil reaction ppy,ult. Figure 2-11 shows the general shape of p-y curves for the 

static and cyclic loading case. 

 

Figure 2-11: General static and cyclic p-y curves 

Current offshore guidelines (OGL, e.g. DNV-OS-J101; API RP 2GEO) use a hyperbolic tangent 

function based on MURCHISON & O'NEILL (1984) to describe the non-linear behaviour of the soil 

springs. The initial soil spring stiffness Epy,ini is increasing linearly with depth. 

 ppy(y) = ppy,ult ∙ tanh (
Epy,ini

ppy,ult
∙ y) (2-21) 

 Epy,ini = mh ∙ z (2-22) 

 mh [
MN

m3
] = 0.1589 ⋅ e0.1411⋅φ

′[°] (2-23) 

For sand, the gradient of the initial soil stiffness mh is a function of the relative soil density Dr 

or the soil fri ti n ang e φ. OGL give tabulated values for mh based on soil friction angle. Figure 

2-12 shows the values given in API RP 2GEO (OGL) as well as a power law found in the literature 

(THIEKEN et al. 2015) and a best fit using an exponential law (Equation (2-23)). 

The ultimate bedding resistance ppy,ult = Apu ⋅ pu is derived from theoretical assumptions 

regarding soil mechanical failure modes (see REESE et al. 1974) and an empirical correction 

factor Apu. 

p
p

y

y

static
cyclic

ppy,ult



Geotechnical aspects on monopile foundations 
for offshore wind turbines 

- 22 - 

 

Figure 2-12: Gradient of initial lateral soil stiffness as function of soil friction angle 

The p-y approach developed by MURCHISON & O'NEILL (1984), which is used in the OGL, is a 

modification of an earlier approach by REESE et al. (1974) which is based on lateral load tests 

carried out on Mustang Island (COX et al. 1974). For details on the p-y formulation, see API RP 

2GEO or REESE et al. (1974). 

The Mustang Island tests (COX et al. 1974) were executed on slender piles which are not 

comparable to monopiles used in offshore wind farms. Cyclic p-y curves were also established 

based on test results with up to 200 load cycles. These cyclic curves, however, simply consider 

the reduced bearing capacity after a number of cycles. The hysteretic behaviour of the soil due 

to repeated loading cannot be described by the model. 

Regarding the suitability to describe the load-displacement behaviour of monopile foundations, 

the p-y method used in the OGL has some major shortcoming which are still current topics in 

research: 

1) pile geometry 

Monopiles used in current offshore wind projects have diameters far greater than 

those used in the oil and gas industry which was the background for the development 

of the p-y curves presented in current OGL. Ultimate bearing capacities according to 

classical p-y approaches lead to unrealistic values and an overestimation of the lateral 

bearing capacity of monopiles (ACHMUS 2011). Apart from that, monopiles have much 
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higher bending stiffness and relatively short embedment lengths, leading to a 'toe kick' 

instead of a vertical bending line at the pile toe (ACHMUS 2009). 

2) soil stiffness 

The initial stiffness does not represent the soil stiffness for small strains, which leads 

to an underestimation of the initial pile stiffness and thus to an underestimation of the 

stru ture’s eigenfre uen y (KIRSCH et al. 2014). Apart from that, the soil stress state 

(linear according to current OGL) is not depicted correctly, as it is better described by 

an exponential law (increasing under-linear with depth) (KALLEHAVE et al. 2012). 

3) cyclic behaviour 

Cyclic p-y curves with reduced ultimate bearing capacity (but unaltered initial 

stiffness) are used to account for soil degradation due to cyclic loading. The load-

displacement behaviour described by these 'cyclic' curves has no physical meaning 

referring to cyclic/hysterical soil behaviour. Some outdated OGLs (GL IV-2) 

additionally demanded a vertical bending line at the pile toe as a design criterion to 

ensure beneficial behaviour under cyclic loading though the meaningfulness of this 

requirement is questionable (ACHMUS 2009). 

4) installation effects 

The pile installation procedure has not been specifically considered in the design 

codes. However, the Mustang Island test piles (COX et al. 1974) as well as the majority 

of all recent offshore monopiles were installed using impact driving. Therefore, one 

may assume that modifications of the original p-y formulations which are based on 

experiences in offshore practice are applicable to impact driven piles. p-y formulations 

based on 3D numerical simulations can be assumed not to be biased by the installation 

method as the installation processes and their influence on the surrounding soil cannot 

(yet) be accurately modelled by numerical methods. 

2.3.4 Influence of pile geometry 

The influence of the pile diameter on the lateral soil stiffness and ultimate capacity (the so called 

'diameter effect') has been addressed by several authors. KALLEHAVE et al. (2012) proposed an 

increase of the initial stiffness of the p-y curves for large pile diameters due to the decrease of 

shear strain in a pressure bulb whose extension depends on the pile diameter. (KIRSCH et al. 
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2014) suggested to use a reduced friction angle for large pile diameters, resulting in reduced 

lateral soil stiffness and capacity. 

Apart from that, the flexural stiffness of monopiles is much higher than that of slender piles. 

Flexible and rigid piles can be distinguished based on their flexural stiffness EI [kNm²], the 

oedometric soil stiffness Eoed [kN/m³] and the pile's embedment length Lpen [m]. POULOS & HULL 

(1989) use a relation which is here reformulated to a dimensionless bending stiffness EI* to 

distinguish between rigid and flexible piles. For a uniform soil profile (Eoed(z) = const.), the 

dimensionless stiffness is 

 
1

EI∗
=
Eoed ∙ Lpen

4

EI
 (2-24) 

 and for a soil profile were the soil stiffness increases linearly with depth EI* yields 

 1

EI∗
=

δEoed
δz

∙ Lpen
5

EI
 (2-25) 

Table 2-1 gives reciprocal values of the dimensionless stiffness 1/EI* for rigid and stiff piles in 

uniform and linear soil profiles. Piles with a dimensionless stiffness in between cannot be 

considered perfectly rigid nor flexible. 

Table 2-1: Pile stiffness distinction according to (POULOS & HULL 1989) 

 rigid pile flexible pile 

soil profile 1/EI* 

uniform < 4.8 
> 390 

linear < 1.6 

 

Another important difference between rigid and flexible piles regarding soil reaction is the pile 

toe deflection or 'toe kick'. Flexible/slender piles show zero deflection and rotation at the pile 

toe and can be considered as a clamped cantilever. In this case, an increase of the pile length 

has no influence on the pile head deflection at a given load level. Laterally loaded, rigid piles, on 

the contrary, can be characterised by a point of rotation and a so called 'toe kick'. Figure 2-13 

shows sketches of a flexible (left) and a rigid (right) pile subjected to combined lateral force 

and moment loading and their bedding resistances.  
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Figure 2-13: Lateral bedding behaviour of flexible (left) and rigid (right) piles 

The mobilisation of soil resistances along the pile shaft (grey shaded areas) depends on soil 

stiffness and pile deflection. In case of the flexible pile, deflection and rotation at the pile toe are 

zero, so no soil resistances are mobilised here. The rigid pile shows a constant rotation over the 

pile length and a 'toe kick'. The grey shaded area indicates the soil reaction according to the 

Winkler approach. Apart from that, spatial bedding resistance underneath the pile toe level (red 

shaded area) and/or shear stresses at the pile toe (red arrow) may be mobilised. BURD et al. 

(2017) and ZHANG & ANDERSEN (2019) introduce (among other features) an additional non-

linear spring at the pile toe to consider the lateral resistance mobilised by the shearing of the 

pile base. According to FU et al. (2020), the pile base resistance can be determined in analogy 

to the soil behaviour direct simple shear  tests. THIEKEN et al. (2015) introduced a stretching 

factor to modify the springs close to the pile toe and increase the local stiffness and ultimate 

bedding resistance depending on the distance from the pile toe. 

2.3.5 Soil stress state or depth dependency 

In the original formulation of the p-y curves by REESE et al. (1974) (see Equations (2-21) and 

(2-22)), the term mh ∙ z displays the linear depth-dependency of the (initial) bedding stiffness. 
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As the soil stiffness depends on the soil material and stress level (σ' ~ γ' ∙ z), GEORGIADIS (1983) 

introduced an equivalent depth zeq to account for different soil stiffnesses and unit weights in 

layered soils. However, even in a homogenous soil, the assumption of a linear increase of the 

bedding stiffness with stress level or depth is doubtful. A power law with exponent < 1 is often 

used to describe the stress dependency of the soil stiffness (OHDE 1939). The oedometric soil 

stiffness Eoed [kN/m²], for example, can be calculated by 

 Eoed = Eoed,ref ∙ pref ∙ (
p′

pref
)

λEoed

 (2-26) 

with the reference pressure pref = 100 kN/m², the oedometric stiffness at reference pressure 

Eoed,ref [kN/m²] an  an e   nent λEoed < 1.  

WIEMANN (2007) and KALLEHAVE et al. (2012) used this approach for a better representation of 

the soil stiffness profile. Equation (2-27) gives the initial bedding stiffness Epy,ini [kN/m²] over 

depth z [m] according to the modification of KALLEHAVE et al. (2012). mh [kN/m³] is the gradient 

of initial subgrade reaction according to API RP 2GEO, zref = 2.5 m is the reference depth and 

the exponent λz = 0.6 was proposed by KALLEHAVE et al. (2012).  

 Epy,ini = mh ∙ zref ∙ (
z

zref
)
λ𝑧

 (2-27) 

2.3.6 Small strain stiffness 

Offshore guidelines describe the initial soil stiffness Epy,ini as function of soil friction angle, 

which is a shear strength parameter. For dynamic problems, such as eigenfrequency 

estimations, dynamic soil properties (e.g. dynamic stiffness) should be used (PRENDERGAST et al. 

2015). Even though eigenfrequency analysis and load-deflection behaviour are normally 

treated separately, the dynamic soil stiffness, which is considered to be equal to the small strain 

stiffness, may be relevant for the deflection at small load levels as well. The applicability of 

dynamic versus static soil parameters may be distinguished based on the strain level (EA 

Baugrunddynamik 2019). The following Figure 2-14 shows the qualitative decrease of the 

dynamic shear stress Gdyn normalised by the maximum value Gdyn,max with shear strain γ in the 

form 

 
Gdyn

Gdyn,max
=

1

1 + γb ∙ 103
 (2-28) 
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with b = 0.8 .. 1.0 

 

Figure 2-14: Decrease of dynamic shear modulus with shear strain 

A more sophisticated approach derived from a large database of dynamic soil tests with 

different sands and at different stress levels was developed by OZTOPRAK & BOLTON (2013). 

A formulation of the soil stiffness as function of strain level is used by KIRSCH et al. (2014), 

THIEKEN et al. (2015), and SURYASENTANA & LEHANE (2016) to include the dynamic soil stiffness 

as initial stiffness into the p-y curves and get a smooth transition to the soil stiffness for the 

static case. According to KIRSCH et al. (2014), the relation between dynamic and static 

oedometric soil stiffness yields 

 
Eoed,dyn

Eoed,stat
= 10−0.42∙log(0.0006∙Eoed,stat) (2-29) 

with the static oedmoetric modulus Eoed,stat in [MN/m²]. 

As the main part of soil strain arises within a lateral extent  f ab ut 3∙Dpile around the pile axis 

(see Section 2.3.1), larger pile diameters Dpile lead to a reduced strain level at equal pile 

deflection y. KALLEHAVE et al. (2012) account for the resulting increased soil stiffness by adding 

another pile diameter term to Equation (2-27): 

 Epy,ini = mh ∙ zref ∙ (
z

zref
)
λz

∙ (
Dpile

Dpile,ref
)

λD

 (2-30) 

with Dpile,ref = 0.61 m an  λD = 0.5.  
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2.3.7 Cyclic effects 

Definition of cyclic loading 

Cyclic loading is defined as repeated loading and unloading processes of a material or structure 

with a loading rate small enough to exclude dynamic effects such as inertia forces. Thus, even 

though present in impact and vibratory pile driving, these processes cannot be described solely 

by cyclic loading effects. Cyclic loading is characterised by an average load level Xav and a 

loading amplitude Xampl, resulting in min and max values Xmax = Xav + Xampl and Xmin = Xav - Xampl 

where X may be any loading property, e.g. force, moment, stress, or, in case of deflection 

controlled cyclic loading, displacement or strain. Regular cyclic loading is characterised by 

packages of load cycles with equal mean value and amplitude. Definitions are given in Figure 

2-15 which shows force-controlled one-way cyclic loading. In the upper part of the figure, the 

force H is plotted over time t or number of cycles N. As the loading rate has no influence on the 

system behaviour, the relation between N and t (the loading frequency) is of no importance. 

This is an important difference between cyclic and dynamic effects! In the lower part of the 

figure, the deflection u is plotted over time or number of cycles. 

In the literature, different counting methods for the cycle number N exist. Traditionally, for one-

way loading, the first cycle ends after one loading and full unloading process, as indicated by 

the blue labels in Figure 2-15. A displacement offset uoffset can be defined at the point where the 

minimum load level is reached the first time. Other conventions exist for symmetric or 

asymmetric two-way loading. NIEMUNIS et al. (2005) developed a high cyclic accumulation 

(HCA) model which describes the cyclic soil behaviour at average stress/strain level after the 

first (= 'irregular') cycle. Thus, the cycle count of the HCA model starts with Nreg = 0 at X = Xav 

during the loading phase after the first ('irregular') cycle, indicated by green labels in Figure 

2-15.  

The load or deflection resulting from cyclic loading may be described by a permanent value 

Xperm, describing the state after N cycles at full unloading, or an accumulated value Xacc, 

describing the state at average level during cycle Nreg. 
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Figure 2-15: Definition of cyclic loading parameters and cycle count 

Material behaviour of sand due to cyclic loading 

Prior to cyclic laterally loaded piles, the behaviour of granular soils due to cyclic loading shall 

be addressed. In case of regular cyclic loading at a load level of below about 70% to 80% of the 

failure load, the strain accumulation can be described by a function fN [-] which is the relation 

between the permanent strain after the Nth  y  e ε(N) [-] and the strain after the first cycle 

ε(N=1) [-]: 

 ε(N) = ε(1) ∙ fN(N) (2-31) 

Rather simple logarithmic or power laws may be used to define fN for a limited number of cycles 

(see below). A more sophisticated method to predict cyclic behaviour of granular soil is the 

explicit HCA model by NIEMUNIS et al. (2005). The accumulated strain εacc (after the first, 

irregular cycle, see Figure 2-15) is described by the flow rule m multiplied with a number of 

empirical functions: 

 εacc(Nreg) = m ∙ fampl ∙ fp ∙ fY ∙ fe ∙ fπ ∙ fN (2-32) 
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These functions describe the influence of the number of cycles Nreg (fN), the strain amplitude 

εampl (fampl), the void ratio e (fe), the average mean effective stress pav (fp) the average stress ratio 

qav/pav (fY) an  the   a ing    arisati n π (fπ). Definitions of the functions and parameters are 

listed in Appendix G. For instance, 

− a higher average pressure level pav leads to a lower strain accumulation rate 𝜀̇𝑎𝑐𝑐 at 

constant stress ratio qav/pav, 

− a higher stress ratio qav/pav leads to a higher strain accumulation rate 𝜀̇𝑎𝑐𝑐 at constant 

average stress level pav, and 

− the cyclic preloading history depends on the number Nreg an  am  itu e εampl of prior 

cycles (WICHTMANN 2016). 

In contrast to the formulations of HETTLER (1981), STEWART (1986), and others, the HCA model 

does not consider the first cycle of cyclic loading but starts at the second cycle with Nreg = 0. As 

explained above, the first cycle is regarded as an irregular cycle, showing a very different load-

bearing behaviour than the subsequent cycles. As shown in Figure 2-15, an additional amount 

of loading has to be applied to reach the average loading level of the subsequent cycles. When 

using the HCA model, the irregular cycle has to be computed separately using an implicit soil 

model. 

WICHTMANN et al. (2004) and LE (2015) investigated the influence of polarisation changes in 

cyclic laboratory tests on sand. 'Polarisation' is defined as the direction of the oscillation of 

cyclic loading (in the stress plane). The term 'multidirectional' with regard to stress amplitudes 

is explained by a cyclic triaxial test where the stress   m  nents σ1 an  σ3 oscillate in different 

phases (out-of-phases cycling according to NIEMUNIS et al. (2005)). 

Figure 2-16 (a) shows stress paths with different slopes in the p-q plane, defined as 

'polarisation'. Cyclic triaxial tests carried out by WICHTMANN et al. (2004) showed that with 

decreasing slope of the stress path (increasing influence of volumetric stress due to increasing 

amplitude of minimum principal stress σ3), at constant deviatoric stress amplitude qampl, the 

total strain accumulation increases. Figure 2-16 (b) shows strain path of 'multidirectional' 

cyclic triaxial tests, resulting from principal stresses σ1 an  σ3 oscillating in different phases.    
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Figure 2-16: Definition of 'polarisation' (a) and 'multidirectional' triaxial tests (b) 

In simple shear tests (WICHTMANN et al. 2004; LE 2015) polarisation changes were realised by 

changing the direction of shearing. After a change of the shearing direction, the rate of cyclic 

strain accumulation 𝜀̇𝑎𝑐𝑐 sharply increased and decreased towards the 'average' strain rate 

afterwards (see Figure 2-17). 

 

Figure 2-17: Strain accumulation in direct shear test 

due to polarisation change (based on LE 2015) 

The height of the sudden increase and the duration for recovery ('back polarisation') of the 

strain rate (only   e en e   n the r tati n ang e sin(απ). The explanation for this phenomenon 

is given on a granular basis: A chaotic arrangement of the soil grains is assumed before the first 

cycle. Within a certain number of cycles, the soil grains are arranged according to the 

polarisation of the cyclic loading, leading to a reduced strain rate. Due to a change in the 
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polarisation of the cyclic loading, the arrangement of the soil grains does not fit to the loading 

polarisation anymore. As a result, the cyclic strain rate increases until the arrangement of the 

grains corresponds to the polarisation of the cyclic loading again after a certain number of 

cycles. 

Cyclic laterally loaded piles 

Generally, there are many parallels between the cyclic behaviour of sand samples and that of 

laterally loaded piles. Thus, some of the formulations given in the previous part of this section 

may be applicable to pile-soil systems, either. In that case, parameters need to be replaced 

a   r ing y, e.g. strain ε by  i e  ef e ti n u  r stress σ by lateral pile head loading H. The topic 

of cyclic laterally load piles in general has been addressed by several authors (HETTLER 1981, 

1986; LITTLE & BRIAUD 1988; LONG & VANNESTE 1994; LIN & LIAO 1999, and others).  

HETTLER (1981) used the logarithmic law  

 fN,log = 1 + BN ∙ ln N (2-33) 

with the soil constant BN to predict the accumulated pile deflection due to cyclic loading  while 

LITTLE & BRIAUD (1988) used the power-law  

 fN,pwr = N
αN  (2-34) 

with the s i    nstant αN. This approach was confirmed by LEBLANC et al. (2010) and NICOLAI & 

IBSEN (2014) and the soil   nstant αN was found to depend on the relative soil density as well 

as the ratios of minimum to maximum cyclic loading Mmin/Mmax and of maximum cyclic loading 

to ultimate static loading Mmax/Mult (moment loading). The beforementioned authors, however, 

formulated the accumulation functions fN based on pile head rotation rather than lateral pile 

head displacement. In contrast to the displacement accumulation, the pile head secant stiffness 

during one cycle Epy,sec (see below) increased logarithmically with N. Likewise, the lateral pile 

capacity of a cyclically loaded pile was higher than that of a previously unloaded system. This 

increase in soil stiffness and strength may be explained by soil densification. Model tests were 

carried out with rather loose sand (LEBLANC et al. 2010) and dense sand (NICOLAI & IBSEN 2014). 

The comparability of the two studies however, is doubtful as LEBLANC et al. (2010) installed the 

model pile by means of impact driving while NICOLAI & IBSEN (2014) reported jacking (= static 

pushing) of the pile. 
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PERALTA (2010) stated, based on model tests, that the logarithmic approach in Equation (2-33) 

is valid for flexible piles while the power-law in Equation (2-34) should be used for rigid piles. 

DÜHRKOP (2009) proposed a linear-logarithmic approach  

 fN,log−lin = 1 + BN1 ∙ [ln(BN2 ∙ N + 1) + BN3 ∙ N] (2-35) 

with three soil constants BN1, BN2, BN3. The constant BN3 is relevant for large number of cycles 

(N > 100,000) only. According to the model tests of DÜHRKOP (2009), BN2 and BN3 may be soil 

constants while BN1 depends on the cyclic loading ratio. CUÉLLAR (2011) further modified this 

approach for very large cycle numbers (N > 106) to account for a decrease of the accumulation 

rate. He explained the transition from logarithmic to linear accumulation law by a phase of soil 

densification (logarithmic accumulation) which is completed as the maximum soil density is 

reached. The assumption of soil densification was supported by the observation of a cone of 

subsidence around the pile at mudline level whose volume agreed with the change in soil 

volume due to densification to maximum density (see Figure 2-18). 

 

Figure 2-18: Soil densification and particle convection 

due to cyclic lateral loading (based on CUÉLLAR 2011) 

It has to be emphasized that the cyclic accumulation approaches presented above define a 

function to be multiplied with the deflection due to the first cycle (see Equation (2-31)). Thus, 

different absolute displacements after N cycles may also be due to different (static) load-

displacement behaviour in the first cycle. 
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Cyclic stiffness 

The initial stiffness of the soil springs Epy.ini is an important parameter to describe the p-y 

curves, e.g. according to current OGL. The secant stiffness of a load cycle Epy,sec is given as the 

slope between the origin of the cycle and the displacement at the maximum load. The degraded 

stiffness Epy,deg can be calculated as the slope between the origin of the first cycle (p = 0, y = 0) 

and the maximum load and displacement of a specific cycle (LITTLE & BRIAUD 1988). This 

parameter Epy,deg is not a stiffness in the physical meaning, but may be used to calculate the 

displacement at a certain load level after N cycles. This approach is used by 'cyclic' p-y curves 

(API RP 2GEO; KIRSCH et al. 2014) as well as the stiffness degradation method (SDM, ACHMUS et 

al. 2009). From the Mustang Island tests (COX et al. 1974), for example, cyclic (= degraded) p-y 

curves were deducted which are actually validated for not more than 200 cycles. For the 

definition of Epy,ini, Epy,sec and Epy,deg, see Figure 2-19. 

  

Figure 2-19: Definition of stiffness for cyclic loading 

Since the calculation of the degraded stiffness Epy,deg at the Nth cycle includes the accumulated 

deformation due to cyclic loading yacc, Epy,deg will decrease with the number of cycles N. The 

initial stiffness Epy,ini and secant stiffness Epy,sec are expected to increase with number of cycles 

N in analogy to the soil's unloading/reloading modulus, as reported by DÜHRKOP (2009), 

LEBLANC et al. (2010), NICOLAI & IBSEN (2014), and STEIN et al. (2019b). Likewise, NICOLAI et al. 

(2017) observed that the static capacity of pre-cycled piles can be much higher than that of 

primary loaded piles. 
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'Healing' effect 

SOLF (2012) discovered 'healing' effects of cyclic lateral loading to pre-loaded piles. Piles that 

had experienced permanent deflection from single extreme events or large-amplitude cyclic 

loading were subjected to small-amplitude cyclic loading afterwards, as illustrated in Figure 

2-20. Low-amplitude cyclic loading leads to a certain displacement accumulation (I). A single 

event with high load leads to large elastic and plastic deformations (II). The plastic 

deformations partly recover due to subsequent low-amplitude cyclic loading (III). 

  

Figure 2-20: 'Healing' effect due to low-amplitude cyclic loading 

after single event with high load amplitude 

For piles with sufficient flexural stiffness and a certain degree of toe clamping, a recovery of 

pile head deflection was observed. Closer examinations by ZACHERT (2015) showed that the 

recovery is predominant in the upper soil layers. The deflection of the pile toe experienced less 

or even no recovery. During regular cyclic loading, the pile bending moment at the instant of 

minimum load during one cycle increased with number of cycles, indicating a compression 

imprinted to the soil and a pre-tension of the pile. This pre-tension was considered the reason 

for the recovery of permanent pile deflections.  

Loading direction 

The behaviour of laterally loaded piles due to cyclic loading with varying loading direction has 

been investigated by severa authors wit different methods (DÜHRKOP & GRABE 2008; PERALTA 
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2010; SU 2012; RUDOLPH & GRABE 2013; RUDOLPH et al. 2014; LE et al. 2017; RICHARDS et al. 2020). 

The results are not comparable because the variation of loading direction was executed 

differently. 

DÜHRKOP & GRABE (2008) and RUDOLPH & GRABE (2013) carried out 1g scale model tests with 

one-way cyclic lateral loading. The angle of loading direction in the horizontal (x-y) plane was 

varied continuously and swept an angle from 0° (unidirectional) to 120° (multidirectional). 

RUDOLPH et al. (2014) carried out very similar investigations in the centrifuge. The model tests 

performed by SU (2012) where displacement controlled and rather multi-stage than cyclic tests 

(4 loading-unloading cycles in 4 directions). RICHARDS et al. (2020) carried out scale model tests 

with unidirectional and multidirectional cyclic loading with a constant average loading Hav 

overlaid by a cyclic loading with amplitude Hampl. Multidirectional loading covered fan-type 

loading as described above as well as L-shape and T-shape loading. L-shape and T-shape 

multidirectional loading refer to the directions of Hav and Hampl in the horizontal (x-y) plane 

(Figure 2-21, left).  

  

Figure 2-21: Schematic illustration of multi-directional pile loading (left) 

and resulting pile head deflection accumulation (right) 

The resulting accumulation of pile head displacement/rotation is shown on the right side of the 

figure. For unidirectional loading (blue), pile head accumulation evolves in the direction of 

loading, as expected. Fan-shape multidirectional loading (cyan) results in higher accumulated 

deflections (approximately by factor 2, but with high deviations depending on loading regime 

and other factors) compared to unidirectional loading with a pile drift towards initial loading 
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direction. This was explained by loosening of the soil due to shearing in transverse direction to 

the loading direction and a propagation of pile deflection towards the direction of least soil 

resistance (DÜHRKOP & GRABE 2008). RUDOLPH et al. (2014) reported back-accumulation of the 

accumulated pile head displacement during loading in transverse direction. In Case of L-shape 

loading (red) loads to deflection accumulations in direction of the average load Hav. Very similar 

accumulation rates and total accumulations as in case of unidirectional loading were 

encountered if Hav and Hampl were kept constant, even though Hav and Hampl were not aligned. T-

shape loading (green) caused similar deflection accumulations, but in both direction of average 

loading Hav and cyclic amplitude Hampl.  

LE et al. (2017) carried out numerical simulations where the direction of Hav was kept constant 

while the direction of Hampl was changed rapidly by a certain angle after a certain number of 

cycles (change from unidirectional loading to L-shape multidirectional loading). This led to 

further deflection accumulation in direction of Hav with increasing or decreasing rate, 

depending on the average loading Hav and the variation of the direction of cyclic loading Hampl. 

Simliar to the observations of RICHARDS et al. (2020), deflection accumulation was observed in 

direction of the Hav. 

PERALTA (2010) carried out scale model tests with one-way cyclic lateral loading. Here, the angle 

of loading direction (both average loading and cyclic amplitude) was changed by +90° several 

times after a certain number of cycles for more than one 'full rotation' of the loading direction. 

The resulting pile head deflections were limited to the "first quadrant of the initial loading 

direction" (PERALTA 2010). Figure 2-22 shows exemplary results of a flexible pile in medium 

dense sand from the abovementioned study. 

The possible recovery of permanent pile head deflections from extreme events due to 

subsequent small-amplitude loading discovered by SOLF (2012) (see Figure 2-20) was noticed 

to be faster after changing the loading direction (KUDELLA & SOLF 2012). 

SU (2012) reported an influence of initial lateral loading on the effects of subsequent transverse 

displacement-controlled loading. This was explained by asymmetric pile-soil interaction for the 

subsequent transverse loading cycle and the enforced displacement direction. 
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Figure 2-22: Pile head deflections due to cyclic loading 

from alternating loading directions (based on PERALTA 2010) 

2.3.8 Influence of installation method 

In offshore practice, impact driving and vibratory driving are common or promising dynamic 

piling techniques with advantages and disadvantages regarding the available experiences of 

designers and piling contractors, logistic requirements, economic feasibility and environmental 

impacts (see Chapter 1). Jacking as well as wished-in-place are merely academic variants used 

in physical and numerical modelling. These variants may be used due to shortcomings of testing 

facilities or numerical methods but may also give insight into the influences of dynamic effects 

if compared to corresponding investigations. 

LABENSKI (2018) examined the influence of vibratory driving on the static lateral pile capacity. 

In scale model tests, piles were installed with different vibration parameters (resulting in 

vibratory driving modes interpreted as cavity and non-cavity pile driving according to 

VOGELSANG (2017)) and by means of static jacking as reference. The lowest lateral bearing 

capacity resulted from non-cavity vibratory driven piles and was found to be comparable to 

that of a jacked pile while the highest bearing capacity was encountered for cavity driven piles. 

The lateral pile behaviour of cavity-vibrated piles was even stiffer than predicted by current 

p-y approaches (LABENSKI & MOORMANN 2018). Based on these findings, LABENSKI (2019) 
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proposed a modification of the initial stiffness of the p-y curves to account for the vibratory 

driving mode.  

LE et al. (2019) carried out numerical investigations based on scale model tests by REMSPECHER 

et al. (2019b). The pile installation was considered by defining a loosening zone directly at the 

pile shaft and a compaction zone in further distance (see section 2.2.3) based on results from 

the scale model tests. LE et al. (2019) could show that especially the narrow loosening zone 

alongside the pile shaft leads to a higher cyclic deflection accumulation. The cyclic lateral pile 

behaviour of impact driven piles was not explored. STAUBACH et al. (2020) and STAUBACH et al. 

(2021) used a similar approach by simulating the pile installation (impact driving and jacking) 

through a coupled Euler-Lagrange (CEL) method using the hypoplastic and Sanisand 

constitutive soil models. Impact driving and jacking resulted in very similar changes of the soil 

state (effective stresses and relative density) (STAUBACH et al. 2020). Based on the soil state at 

the end of the CEL calculations, the pile behaviour under static (STAUBACH et al. 2021) and cyclic 

lateral loading (STAUBACH et al. 2020) was investigated. For cyclic loading, the HCA approach 

was used. Simulations with consideration of installation effects were compared to simulations 

with wished-in-place (WIP) piles. In case of static loading, the consideration of the pile 

installation process (impact driving) lead to a stiffer pile head behaviour. In case of cyclic 

loading, the consideration of the pile installation process (both impact driving and jacking) in 

medium-dense sand lead to a lower rate of horizontal displacement accumulation compared to 

a WIP pile. In dense sand, however, the accumulation rate of the WIP pile was lower than that 

of the installed piles. At high cycle numbers (N = 5∙1 6), the soil state of installed and WIP piles 

"equalizes" (STAUBACH et al. 2020). 

ACHMUS et al. (2020) studied results from in-situ lateral pile tests and CPT readings taken prior 

and after pile installation by means of impact and vibratory driving into dense sand (VIBRO 

project). Depending on the vibratory parameters, load level and loading/unloading/reloading 

scenario, vibratory driven piles showed softer but also similar and even higher lateral stiffness 

than impact driven piles. In all cases (vibratory and impact driven piles), an overall decrease of 

CPT values was encountered, interpreted as loosening of the soil. The decrease in soil density 

was more pronounced for two of the three vibratory driven piles while one vibratory driven 

pile with lower driving frequency and lower penetration speed even showed higher CPT 

readings at certain depths. 
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2.4 Interim conclusion 

Pile toe effect due to impact pile driving 

In the literature addressing pile resistance during impact driving, the initial shaft resistance 

qs,ini can be taken as the maximum resistance, occurring when the pile toe reaches a soil 

element. This shaft resistance is then continuously reduced towards the residual shaft 

resistance qs,res as the pile passes the soil element. However, since the 'initial' soil resistance is 

caused be an increase of horizontal stresses during pile driving and the 'residual' soil resistance 

is caused by a stress state similar to the primary stress state (PSS, before pile driving), the 

indices 'ini' and 'res' may be misleading and will be replaced by 'z=pen' and 'PSS' to highlight 

the corresponding stage of the pile installation: 

Furthermore, instead of 'friction fatigue', which points towards the reduction of the pile shaft 

resistance, the term 'pile toe effect' will be used to emphasize the influence of phenomena at 

the pile toe on the soil behaviour. By substituting qs according to Equation (2-4) and the pile 

installation effect according to Equations (2-6) and (2-7), the horizontal earth pressure during 

pile driving ca be described as 

 σ′rad(Lpen, z) = σ
′
rad,PSS(z) ∙ [1 + (

1

βPSS
− 1) ∙ eαpen∙(Lpen−z)] (2-37) 

Vibratory driving modes 

Along the pile shaft, soil fluidisation can be assumed to take place during vibratory pile driving 

(RODGER & LITTLEJOHN 1980; VIKING 2006). Regarding the pile toe behaviour, different concepts 

exist which distinguish between different vibratory driving modes. It has to be stated that, 

despite sometimes being used synonymously, the concepts of 'impact/viscous' vibratory 

driving  and 'cavity/non-cavity' vibratory driving are not fully compatible (DIERSSEN 1994): 

'Impact' and 'viscous' vibratory driving (RODGER & LITTLEJOHN 1980) mainly differ regarding 

elasto-plastic and viscous pile toe behaviour while 'ca ity’ an  ‘n n- a ity’  ibrat ry  ri ing 

(CUDMANI 2001) differ regarding the development of a gap underneath the pile toe during 

upward motion and resulting loading and unloading stiffness, and the magnitude of mobilised 

pile toe resistance. 

 qs,PSS = qs,z=pen ∙ βPSS (2-36) 
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Pile installations in coarse-grained soil have a severe impact on the soil state, namely void ratio 

and stress state. Both impact and vibratory pile driving result in a narrow loosening zone in the 

vicinity of the pile wall and a compaction zone in further distance to the pile. Due to impact pile 

driving, stress concentrations have been observed underneath the pile toe. In case of vibratory 

pile driving, the occurrence and extent of the loosening and compaction zone as well as the 

development of soil stress concentrations depend on relative soil density and vibratory driving 

parameters. Thus, it seems to be possible to achieve similar soil states by vibratory pile driving 

compared to impact pile driving. This hypothesis is supported by the fact that equal axial pile 

capacities of vibratory driven piles compared to impact driven piles were reported using 

certain installation parameters in certain soil conditions. 

Lateral behaviour of monopile foundations 

Concerning the applicability of calculation methods for laterally loaded piles to offshore 

monopile foundations, the boundary conditions have to be regarded carefully. Much 

knowledge, including current offshore guidelines, is based on a limited number of field tests 

with mainly impact driven, slender piles that show zero pile displacement and inclination at the 

pile toe. Offshore monopiles, in contrast, are large diameter, stiff piles that produce a toe kick 

under lateral loading. Thus, the soil state at the pile toe must be considered to assess the lateral 

pile behaviour. For impact driven piles, this includes increased soil stresses near the pile toe, 

as described in Section 2.2.2. 

Regarding the cyclic behaviour, the following aspects taken from current research, which are 

partly in contradiction to guidelines, seem to be meaningful for offshore wind foundations: 

− no degradation (but rather strengthening): lateral stiffness and capacity of pile-soil 

system increases due to cyclic lateral loading 

− healing effect: small-amplitude cyclic lateral loading lead to recovery of deformed 

system 

− loading direction: changing wind/wave directions need to be expected but no 

clear/uniform results how this effects cyclic accumulation 

Only little research is available on the effect of installation methods on laterally loaded piles. 

Concerning the static lateral pile capacity and stiffness, in-situ tests and scale model 

investigations imply that impact driving tends to result in higher stiffness and capacity of the 
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pile-soil system. By variation of vibratory driving parameters, however, similar (or in single 

cases even higher) stiffness and capacity were observed. Stiffness and capacity of vibratory 

driven piles seems to be linked to pile driving modes, pile penetration speed and/or driving 

frequency. Due to the complex interactions between these and other pile driving parameters, a 

thorough descriptions of these effects is not yet available. 
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 Scope of work 

3.1 State of the art 

Impact driven monopiles are the preferred foundation type for offshore wind turbines in water 

depths of up to 40 m. Most important aspects in geotechnical design are the dynamic stiffness 

(eigenfrequency of the structure), limitation of inclination and possible cyclic degradation 

effects. Apart from that, other aspects such as pile drivability, fatigue, and noise emissions will 

influence planning and design as well. Especially for the latter subjects, vibratory pile 

installation is a highly promising alternative. 

To assess the lateral load-displacement behaviour of piles, a variety of methods does exist. 

Different approaches may be used for different problems, ranging from elastic beam theory 

with linear or non-linear bedding to 3D numerical methods with implicit cyclic soil models. 

Current offshore guidelines recommend the use of the elastic beam theory with non-linear 

bedding that is described by p-y curves to assess the monotonic load-bearing behaviour. As the 

p-y curves in the offshore guidelines were developed for typical cases in the oil and gas industry, 

they apply for slender piles. p-y curves considering cyclic loading are validated for a limited 

number of cycles only. Research for offshore wind resulted (and still results) in modified or 

completely new p-y formulations considering large pile diameters, base shearing, small strain 

stiffness and CPT based soil parameters. The influence of cyclic loading can be described based 

on the explicit HCA model which may also be implemented into bedded beam approaches. 

Numerous researchers have investigated the influence of dynamic pile installation processes 

(impact and vibratory pile driving) on the soil state with different methods. Influences of pile 

installation methods and parameters on the axial load-displacement behaviour are mostly 

described purely empirical. Effects of the pile installation process on the lateral load-

displacement behaviour are not explicitly included in the available calculation methods. As the 

p-y curves used for this purpose can be traced back to experiences with impact driven piles, an 

implicit consideration of effects from impact driving can be assumed. As these experiences were 

made with mostly slender piles, however, their applicability to monopiles is questionable. 

Especially the combination of increased soil stresses at the pile toe of impact driven piles 

(Figure 2-6) and a toe kick of stiff monopiles (Figure 2-13) may lead to different lateral pile 

behaviour. 
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3.2 Research question 

The state of knowledge described above leads to the following question: 

Which are the geotechnical mechanisms during different 'modes' of pile driving, 

how do they effect the surrounding soil, 

and what is their influence on the lateral bedding? 

During vibratory pile driving, pseudo-fluidisation is likely to occur along the pile shaft. In case 

of impact driving, soil compaction and increasing soil stresses due to the installation process 

are expected. This may lead to very different geotechnical phenomena during pile installation. 

In case of vibratory pile driving, especially the 'driving mode' (e.g. cavity/non-cavity or 

impact/viscous modes) needs to be examined as this decides about the soil behaviour 

underneath the pile toe. Therefore, pile forces and motions as well as the resulting soil response 

need to be studied. 

The lateral bedding generally depends on the state of the surrounding soil and thus on effects 

from the pile installation process. During lateral loading, yielding of the soil at shallow depth is 

expected. Resulting stress-redistributions which may influence the pile-soil behaviour of 

subsequent load cycles and the cyclic displacement accumulation. In deeper soil layers, a toe 

kick can be expected due to the high bending stiffness of monopiles. Here, differences between 

impact and vibratory driven piles are very likely. 

The current knowledge about installation effects on the soil's stress state, lateral bedding of 

monopiles and stress-dependency of the mechanical behaviour of sand (both monotonic and 

cyclic) lead to the following hypothesis: 

Different pile installation methods induce different soil stresses in the surrounding soil. 

Regarding lateral bedding under monotonic loading, the pile installation process can be 

considered by means of stress-dependent p-y curves. In case of cyclic behaviour, 

installation-induced soil stresses are meaningful for strain accumulations as they affect the 

stress level and stress ratio. 

3.3 Methodology 

Scale model investigations were chosen to investigate the questions outlined above. In physical 

experiments using real soil, different aspects of the soil behaviour (compression, extension, 

shearing) and problems (static, dynamic, cyclic) can be modelled. Thus, the effects of pile 
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installation and subsequent lateral loading on the system can be investigated in the same 

experimental setup in the 'natural' order.  

As the effort for the preparation and execution of scale model tests is quite high, the number of 

investigated variations is limited. As the scope of this research is the influence of the pile 

installation process, only installation methods and parameters will be varied. Soil conditions, 

pile properties and loading scenario will be chosen to represent offshore conditions and not 

varied. 

Pile, soil and load parameters will be chosen to represent conditions for OWT in the German 

North Sea. Regarding vibratory installation, different variations shall be investigated to give 

hints on preferable vibratory driving parameters. 
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 Design of physical model 

4.1 Generic OWT foundation 

The model foundation investigated within this thesis was designed based on typical current 

monopile foundations used for offshore wind farms (OWF) in the German North Sea with the 

following main characteristics: 

− pile diameter Dpile ≤ 8 m 

− penetration length ratio Lpen/Dpile ≈ 4 

− dense to very dense saturated sand with γ' ≈ 11 kN/m³ 

− cyclic loading due to wind and waves 

− installation by means of impact and vibratory driving 

While the structural properties (geometry, stiffness) and external loading (force, moment) of 

both offshore and model piles can be assessed quite precisely, the mechanical properties of the 

soil are hard to determine. Therefore, the pile itself is sized down to model scale based on 

similarity laws while the soil properties are chosen based on geotechnical experience. 

Pile properties 

Based on the properties given above, a generic OWT was created. Table 4-1 shows structural 

properties for the generic offshore monopile, a scaled monopile according to similarity laws 

and the actual model pile. The evolution of the scaled monopile and the actual model will be 

explained later. 

The wall thickness (*) of the offshore pile was considered constant over the pile with minimum 

wall thickness according to API RP 2A-WSD: 

 tpile[mm] = 6.35 +
Dpile[mm]

100
 (4-1) 

The lateral force and moment load at mudline level (**) were taken from current offshore 

projects. 
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Table 4-1: Generic OWT 

parameter unit offshore 
monopile 

scaled 
monopile 

actual 
model pile 

comments 

pile properties 

material -- -- S355 -- 1.4301  

diameter Dpile [m] 7.8 0.61 0.61  

penetration Lpen [m] 31 2.42 2.4  

wall thickness tpile [mm] 84 0.525 3.0 offshore pile: 
mean value (*) 

model pile: based 
on bending 
stiffness and 
availability 

bending stiffness EI [MN⋅m²] 3.20∙106 9.35 52.7 scaling laws 
could not be met 

elastic length LE [m] 55.3 4.33 6.68 Eq. (4-9) with 
γ' = 11 kN/m³ 

loading properties 

lateral load H [kN] 10,000 4.8 15 
at mudline level 
(**) 

moment Mmdl [kNm] 400,000 11.2 30 

lever arm hH [m] 40 2.34 2 = Mmdl/H 

 

Soil properties 

The mechanical properties of san   e en   n strength  arameters su h as fri ti n ang e φ' an  

stiffness parameters such as oedometric soil stiffness Eoed. These values depend on physical 

properties such as grain size distribution, state parameters such as relative density Dr or stress 

state σ and the stress history of the soil, e.g. glacial preloading. In offshore practice, the actual 

mechanical properties cannot be determined in-situ, the extraction of undisturbed samples for 

laboratory tests is difficult, either. Physical properties of the soil can be received from disturbed 

samples. Indirect soil investigation methods such as CPT or geophysical methods are used to 
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gather information about the subsoil. From these explorations, information about soil 

properties or pile resistances are deducted based on empirical relationships. 

To model the offshore soil conditions in the German North Sea, sand was emplaced and 

compacted layer wise to achieve a dense packing. Due to the compaction procedure in the 

limited volume of the test pits, a stress state with k0 ≈ 1 was produced resembling glacial 

preloaded (over consolidated) sand (cf. Section 5.6.2). 

Loads on offshore monopile foundations 

Looking at the different numbers of cycles and variation of loading directions used in prior 

research (see section 2.3.7) a loading scenario representing offshore conditions (here: German 

North Sea) is wanted. BSH (2012) defined a standard storm event for the design of OWT with a 

duration of 35 hrs. Wind and waves are aligned, their magnitude is increasing to a maximum 

value after 17.5 hrs and then decreasing again. Wind speed and significant wave height with a 

50-year return period shall be used to calculate the maximum wind and wave loads. 

With a wave period of Ts,50 = 10.5 s (RICHWIEN & LESNY 2004), a total number of about 12,000 

waves or loading cycles occurs within 35 hours. Measurements from research platforms FINO1 

and FINO 3 in the German Bight (BSH 2010) show that prevailing wind and wave directions are 

varying between Southwest and Northwest with highest occurrences at these two orthogonal 

directions. Figure 4-1 shows the cumulated significant wave heights of all waves higher than 

one meter measured at FINO 1 (left) and FINO 3 (right) over a period of about 7 years (2010 to 

2017) and classified in directions with a spread of 5°. For both locations, two main wind/wave 

directions with a relative angle of about 90° can be identified.  

  

Figure 4-1: Wave directions measured at FINO 1 (left) and FINO 3 (right) (data from BSH 2010) 
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For the model design, constant values of maximum lateral loads were assumed. For the 

geometry of the offshore pile presented above, characteristic loads of Mmdl = 400 MNm, 

H = 10 MN at mudline level were assessed based on data from different OWF. A wave period of 

Ts,50 = 10.5 s was used to calculate a number of N = 12,000 cycles within a standard storm event 

of 35 hours. Two main wind/wave directions with a relative angle of about 90° (see above) 

were taken.  

4.2 Scaling procedure 

Physical models suffer from scaling effects which can be kept small if the model dimensions are 

close to the prototype. The available facilities at the author's institution allow for comparably 

large pile models and thus little scaling effects. To transfer the generic OWT to a (smaller) scale 

model while obtaining its main characteristics, similarity laws had to be applied. For scaling an 

offshore monopile to model scale, dimensional analysis was carried out. Shortcomings in 

scaling were met by using dimensionless parameters to scale lateral loading. The subsoil was 

not scaled but appropriate model sand and compaction procedures were found to produce a 

model soil with satisfactory properties. 

Dimensional analysis 

The relation between offshore pile (index p for 'prototype') and model quantities (index m) is 

gi en by s a ing fa t rs λ (e.g. length Lm = Lp/λL). All prototype parameters have to be 

formulated in fundamental  hysi a   arameters (e.g.  ength  , f r e F,  ensity ρ . S a ing fa t rs 

f r a number  f  arameters (e.g. λL = 1  base   n ge metri    nstraints, λa = λρ = 1 in an 1g 

model) are defined and the remaining scaling factors can be derived by algebraic operations 

(BUCKINGHAM 1914): 

     volume: V = L3 → λV = λL
3 (4-2) 

     mass: m = ρ ∙ V → λm = λρ ∙ λV (4-3) 

     force: F = m ∙ a → λF = λm ∙ λa (4-4) 

     moment: M = F ∙ L → λ;M = λF ∙ λL (4-5) 
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Dimensionless parameters 

Physical parameters are made dimensionless by division/multiplication with other physical 

parameters of the problem. Dimensionless parameters must be equal for offshore pile and 

model pile. Different approaches may lead to the same dimensionless parameter, as shown in 

the following equations for the dimensionless force H* to scale the horizontal force acting on 

the pile at mudline level H [kN]:  

(LABENSKI & MOORMANN 2018) H∗ =
H

γ′ ∙ Dpile
3 ∙ kp

 (4-6) 

(LEBLANC et al. 2010) H∗ =
H

γ′ ∙ Dpile
2 ∙ Lpen

 (4-7) 

(HETTLER 1981) 
(DÜHRKOP & GRABE 2008) 

H∗ =
H

γ′ ∙ Lpen
2 ∙ LE

 (4-8) 

 LE = √
EI

γ′ ∙ Lpen

4

 (4-9) 

All approaches are using the soil unit weight γ' [kN/m³] and a number of length units (pile 

diameter Dpile [m], pile penetration Lpen [m], elastic length LE [m]) in the denominator. 

Equation (4-6) uses the pile diameter with the power of three, thus the dimensionless force will 

not be affected by pile penetration. On the other hand, Equation (4-8) is independent of the pile 

diameter Dpile. Both assumptions are worth discussing. However, as long as the ratio Lpen/Dpile 

is also considered as a dimensionless parameter and kept constant, either Dpile or Lpen may be 

used.  In Equation (4-6), the (dimensionless) earth pressure coefficient kp is also used to 

consider the soil strength, Equation (4-8) considers the pile bending stiffness EI in the elastic 

length LE. 

Time and frequencies 

The following rule of thumb can be used to assess whether inertia effects need to be considered 

(EA-Pfähle 2012): 

 m[t] ∙ (ω [
1

s
])
2

< 0.1 ∙ Elat [
kN

m
] (4-10) 

 ω = 2 ∙ π/Tcycl (4-11) 
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If the product of the mass of the system m an  the s uare  f the angu ar   a ing fre uen y ω is 

small compared to the (in this case lateral) pile stiffness Elat, inertia effects do not influence the 

system behaviour. 

Deduction of model parameters 

The design of the scaled model was carried out by the following steps: 

1) Tests were carried out at earth gravity (1g tests). Thus, all acceleration quantities in the 

model (including gravity) had to be equal to the corresponding acceleration quantities 

under offshore conditions. This implied that densities (e.g. soil unit weight γ') had equal 

sizes in the model and in situ. Dimensionless parameters generally need not to be scaled, 

either. This applies for relative quantities like earth pressure coefficients k = σ3/σ1 or 

fri ti n   effi ients τ/σ = tan(φ'  an  thus the friction angle φ' itself. 

2) The diameter of the model pile was chosen as large as possible to limit scaling errors. 

With 4 m diameter of the test pit (Figure 5-2) and a minimum distance between pile axis 

and boundary of 3⋅Dpile (EA-Pfähle 2012), Dpile = 0.61 m was chosen. Compared to the 

offshore pile, this  ea s t  a s a ing fa t r f r  ength units  f λL ≈ 12.8.  

3) To deduct scaling laws for further quantities, dimensional analyses (Equations (4-2) to 

(4-5)) and dimensionless parameters were used (see above). 

4) The amplitude of the lateral load applied to the model is taken from current offshore 

projects and made dimensionless by a measure for the soil resistance of the pile-soil 

system and the pile's resistance to bending. The loading regime is developed based on a 

design storm event according to BSH (2012).  

The resulting model parameters can be found in Table 4-1. Perfect model characteristics cannot 

be met for all parameters due to practical reasons. The actual model parameters are also given. 

The scaling laws for the pile's bending stiffness cannot be met with a steel pile because the 

re uire  wa   thi kness (≈ 0.4 mm) might not withstand buckling. Alternative materials may be 

damaged during pile driving. Steel was used as pile material to account for high loads during 

pile driving. 



Scaling procedure 

- 53 - 

Model soil 

Regarding the model soil, it was intended to use sand with typical offshore conditions. To 

represent offshore soil conditions, fine sand was installed and compacted in layers of 0.2 m and 

saturated by flooding the test pit from bottom to top. By this procedure, a density in the range 

of ρd ≈ 1700 .. 1750 kg/m³ was achieved. This is equivalent to a submerged soil unit weight of 

γ’ ≈ 10.4 .. 10.7 kN/m³, a relative density of Dr ≈ 0.72 .. 0.87 and an internal friction angle of 

φ’ ≈ 37 .. 40°. More details about the soil characteristics based on laboratory tests can be found 

in Section 5.4. Pre-tests with different layer thickness and compaction procedures are 

documented in STEIN et al. (2020). 

It has to be admitted that a very dense packing and resulting stiffness and strength parameters 

could not be achieved with the layer-wise sand installation technique. Higher soil densities may 

be realised by pluviation of dry sand. This method was used by several authors for laboratory 

(WICHTMANN 2016) and small scale model tests (PERALTA 2010). Drying the amount of sand 

needed for the large-scale model tests used in this research (approx. 50 m³), however, was not 

feasible. 

Regarding the soil conditions based on CPT data, several current CPT readings taken for the 

Federal Maritime and Hydrographic Agency (BSH) in the German Bight were used as reference. 

Figure 4-2 shows measured cone resistance qc taken from offshore readings (left) and in the 

model tests (centre, cf. Section 5.6.2, Figure 5-12). The right part of the figure shows a 

comparison of normalised cone resistance Qt [-] (ROBERTSON 1990; LUNNE et al. 2014) 

 Qt =
qt − σv
σv′

 (4-12) 

  Fr =
fs

qt − σv
∙ 100% (4-13) 

with the (the reti a   t ta  an  effe ti e  erti a  stresses σv an  σ'v. 

All data is plotted towards a depth of one pile penetration which is 2.4 m for the scale model 

and assumed to be about 32 m for current offshore monopiles. CPT data from offshore locations 

in the German North Sea obviously show a certain scatter while the reproducibility of the model 

soil was quite satisfactory. Comparing normalised cone resistance Qt towards a depth of z = Lpen 

shows that the soil 'strength' in the model tests seems to be even higher than offshore, even 
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though the relative density is probably lower. An overview over the actual soil conditions in the 

tests and its variations based on CPT and DPM readings can be found in Section 5.6.2. 

 

Figure 4-2: CPT readings from the German North Sea5 (data from BSH 2019, left), 

from test pit (centre), and comparison of normalised cone resistance (right) 

Taking into the account the somewhat lower relative density and the somewhat higher 

normalised cone resistance of the model soil compared to in-situ conditions, the chosen filling 

strategy of the model sand and the characteristics of the model soil are regarded suitable for 

the model tests. 

Vibratory hammer 

Looking at the vibro hammer, some vibratory driving parameters from offshore monopile 

installations and prototype tests are published (FISCHER et al. 2013; ACHMUS et al. 2020). 

Eccentric moment Me, dynamic mass mdyn, displacement amplitude s0 and ranges of used 

driving frequencies fd and centrifugal forces Fc are given in the following Table 4-2. For a 

                                                        

5 CPT data from areas N-3.5, N-3.6, N-3.7, and N-3.8 (see BSH 2019) was used. 
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comparison to the parameters used in the model tests (cf. Sections 5.5 and 6.2.3), the centrifugal 

force Fc is normalised by the dynamic mass mdyn and the gravity g. The bias force Fbias (= dead 

weight – line pull) is normalised by the centrifugal force Fc.  

Table 4-2: Vibratory driving parameters for monopile installation 

parameter  VIBRO 
test 

OWP 
Riffgat 

model tests comments 

reference 
(ACHMUS 

et al. 
2020) 

(FISCHER 
et al. 

2013) 

Sections 5.2, 5.5,  
6.2.3 

 

pile diameter Dpile [m] 4.3 
5.7 
6.5 

0.61 
 

pile 
penetration 

Lpen [m] 21 
16 
22 

2.4 
 

vibratory hammer 
PVE 

500M 

APE 
600b 
Quad 

APE J&M  

Model 
23 

Model 
23A 

eccentric 
moment 

Me [kg∙m] 500 920 2.33 1.36  

driving 
frequency 

fd [Hz] 
12 
23 

16 
19 

12 
27 

15 
34 

 

centrifugal 
force 

Fc [kN] 
2,800 

10,000 
10,000 
13,000 

13 
67 

12 
62 

Fc = Me∙(2π∙fd)² 

total dynamic 
mass 

mdyn [kg] 138,000 
564,000 
804,000 

689  

displacement 
amplitude 

s0 [mm] 3.6 1.6 3.4 2.0 s0 = Me/mdyn 

dimensionless 
measures 

F
bias

Fc
 [-] 

0.14 
0.50 

0.52 
0.92 

0.14 
0.73 

0.16 
0.80 

 

Fc
mdyn∙g

 [-] 
2.10 
7.70 

1.28 
2.41 

1.96 
9.93 

1.79 
9.19 

 

 



Design of physical model 

- 56 - 

The displacement amplitude and the dimensionless parameters for the centrifugal force are in 

the same ranges for the published prototype tests and the model tests. The displacement 

amplitude s0 is a dimensioned value and was not scaled. The relevance of the displacement 

amplitude for phenomena during vibratory installation may be assessed based on the pile-soil 

interaction. The pile-soil interaction can be described by the rheological model described in 

Figure 2-3 where the pile displacement determines the mobilisation of static soil resistance. As 

the model soil is similar to (unscaled) offshore conditions (see above), it seems reasonable to 

use a vibratory hammer with similar displacement amplitude. 

Magnitude of lateral loading 

For the load amplitude several scaling approaches are mentioned in the literature to normalize 

lateral loads (see above). With respect to the scaling errors discussed above (pile and soil 

stiffness) it seems to be appropriate to take these parameters into account. For the soil stiffness, 

however, it is difficult to determine precise data for the relevant stress level, especially for 

offshore conditions. Thus, it was decided to rely on pile stiffness (E∙I  and soil strength (φ', kp) 

data, which are regarded more reliable. For the underlying offshore and model 

conditions/properties, see sections 4.1, 5.2 and 5.4. 

A new scaling law for the lateral load was established, including pile diameter and penetration 

length (even though their relation is equal for offshore pile and model pile) as well as soil unit 

weight and passive earth pressure coefficient: 

 H∗ =
H

Dpile ∙ Lpen2 ∙ γ′ ∙ kp
 (4-14) 

with 

 kp = tan
2 (45 +

φ

2
) (4-15) 

For soil unit weight an  s i  fri ti n ang e, γm' = 10.4 kN/m³ and γp' = 11 kN/m³ and 

φm = φp = 40° were assumed. Using this scaling approach, a lateral force of Hm = 4.4 kN in the 

model would be similar to a lateral force Hp = 10 MN on an offshore pile.  

Scaling the pile loading solely based on the similarity of the lateral force may not represent a 

similar pile bending behaviour if pile bending stiffness and/or moment loading cannot be 

accurately scaled. In this case, the pile bending stiffness of the model pile was much higher than 

it should have been according to scaling laws (see Table 4-1). 
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Regarding the pile deflection due to bending moment, one can define the elastic strain in the 

pile wall due to moment loading as dimensionless measure for the moment loading M* [-]. The 

moment at mudline level Mmdl [kNm] can be influenced either by the magnitude of the lateral 

force or the point of force application (= length of the cantilever); the strain further depends on 

the pile diameter Dpile [m] and the bending stiffness EI [kNm²]: 

 M∗ =
Mmdl ∙ Dpile

EI
=
H ∙ hH ∙ Dpile

EI
 (4-16) 

Due to the design of the testing facilities (cf. Section 5.1), only a limited lever arm of the applied 

lateral force of hH,m ≤ 2 m was possible in the model. Using this scaling approach for the lateral 

load a moment load at mudline level of Mmdl,m = 84 kNm (corresponding to a lateral load of 

Hm = 42 kN with a cantilever of hH,m = 2 m) would be similar to offshore conditions with 

Mmdl,p = 400 MNm. 

The quality of a certain scaling law can be quantified by dividing the dimensionless load 

quantities (H*, M*) of the model by the corresponding dimensionless load of the offshore pile. 

In case of a perfect model, the outcome would be equal to one. To find a good compromise 

between the two scaling approaches for lateral force and mudline moment described above, the 

two quality measures for H* and M* were multiplied. Figure 4-3 shows the quality measures 

for H* (dashed line) and M* (dotted lines) as well as the combined measure (solid line) for 

different lateral loads in the model. A good compromise can be found for Hm = 13.7 kN. 

 

Figure 4-3: 'Quality' of load scaling 
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From the above considerations, a combined scaling law for the lateral load (H), including lateral 

soil resistance (γ', Kp, Lpen), pile bending stiffness (EI) and lever arm (hH), can be deducted: 

 

H∗ =
H

√(γ′ ∙ kp ∙ Lpen2 ∙ Dpile) ∙ (
EI

Dpile ∙ hH
)

=
H

√γ′ ∙ Kp ∙ Lpen
2 ∙ EI/hH

 

(4-17) 
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 Description of model tests 

5.1 Model requirements and testing facilities 

All measures in a physical model have to be captured by means of measurements that involve 

the use of appropriate sensors. Measurements should have as little influence on the physical 

properties they are aimed at as possible. This poses a challenge on the real-time assessment of 

soil properties and soil state parameters during pile installation and during lateral loading. 

Description of the installation process will focus on dynamic pile forces and pile motion during 

pile driving. Regarding lateral pile behaviour, the design drivers described above, namely 

(quasi-)static load-displacement behaviour, lateral eigenfrequency and cyclic degradation shall 

be investigated. Therefore, the lateral load and pile deflection need to be continuously 

monitored. The dynamic response of the systems is required to assess its eigenfrequency. To 

get an insight into the soil behaviour itself, information about soil stress developments during 

both pile installation and lateral loading is crucial. 

The geotechnical test pits at IGG-TUBS with their infrastructure served as testing facility for the 

scale model tests. Regarding the model parameters, the dimensions of the two identical 

cylindrical buckets are decisive for the model dimensions (cf. Section 4.2). Figure 5-1 shows an 

aerial view of the testing facility during the installation of a model pile.  

 

Figure 5-1: Geotechnical test pits and infrastructure at IGG-TUBS 

during installation of model pile (test Z03, pile installation) 
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Figure 5-2 shows cross section and top view of the test pit with model pile at final penetration 

and the cylindrical coordinates z, r and θ used to describe geometries (e.g. sensor locations, 

loading direction) in the test setup.  

   

Figure 5-2: Scale model in test pit 

A stainless-steel tube was used as model pile. Section 5.2 describes the model pile and section 

5.3 addresses the loading scenario. 

A fine silica sand which was emplaced and compacted layer wise was used as model soil. Pre-

tests were carried out to identify an appropriate combination of layer thickness and number of 

compaction passages (STEIN et al. 2020). Section 5.4 gives the physical and mechanical 

properties of the sand while Section 5.6.2 describes the procedure to install the model soil.  

Pile installation was performed by impact driving, vibro driving and static pushing/jacking. The 

utilised equipment is presented in Section 5.5, the installation procedures are described in 

Section 5.6.3. 
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5.2 Model pile 

A stainless-steel tube (1.4301, DN600) with a flange to connect pile helmet, vibro hammer and 

transition piece was used as model pile. For the transition piece, the same kind of tube was 

used. The properties of the model pile and transition piece are given in Table 5-1. At the pile 

top and both ends of the transition piece, welded flanges (type 11, PN10, DIN EN 1092-1) were 

attached. At the top of the transition piece, two smooth flanges (type 01, PN10, DIN EN 1092-

1) were attached as additional mass. 

Table 5-1: Model pile and transition piece 

parameter unit value comments 

penetration length Lpen [m] 2.4 target penetration 

pile length Lpile [m] 3.0  

length transition piece LTP [m] 1.4  

diameter Dpile [m] 0.61 

pile and transition piece 

wall thickness tpile [mm] 3 

cross section Apile [m²] 0.0057 

moment of inertia Ipile [m4] 2 4∙1 -6 

modulus of elasticity E1.4301 [MN/m²] 200,000 

density ρ1.4301 [kg/m³] 7850 

bending stiffness EI [MNm²] 52.7 

normal stiffness EA [MN] 1150 

axial wave velocity cpile [m/s] 5048 √E/ρ 

 

Equation (2-24) was used to evaluate the flexural stiffness of the pile. High soil stiffness tends 

towards a more flexible behaviour of the pile. The evaluation of Equation (2-24) highly depends 

on the estimated soil stiffness, which depends on the stress state (depth) and load level. A stress 

(or depth)-dependent soil stiffness according to OHDE (1939) with reference stiffness 

Eoed,ref = 300 k a, stiffness e   nent λ = 0.6 for fine sand (cf. ENGEL & SOOS 2017) and soil unit 

weight  f γ' = 11 kN/m³ was assumed. This results in a stiffness ratio of 1/EI* ≈ 5.3 when using 
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the averaged oedometric soil stiffness (from mudline level to pile toe level) and 1/EI* ≈ 8.5 

when using the (max) soil stiffness at pile toe level. Both values are close to the limit for a rigid 

pile with uniform soil profile according to POULOS & HULL (1989). Table 5-2 shows a comparison 

of relative pile rigidity 1/EI* for different cases, including the 'generic' offshore monopile 

described in section 4.1 with an average oedometric stiffness Eoed = 50 MPa and limiting values 

for rigid and flexible piles. 

Table 5-2: Pile rigidity 

case Eoed 
[MPa] 

1/EI* 
[-] 

 

model pile 
8.4 5.3 average soil stiffness 

13.5 8.5 max soil stiffness (z = Lpen) 

offshore monopile 50 14.5 see Table 4-1 

rigid pile -- < 4.8 
uniform soil profile 
(POULOS & HULL 1989) 

flexible pile -- > 390 

 

5.3 Lateral loading 

To represent wind and wave conditions during several storm events in the Germany North Sea, 

five loading phases with varying loading directions were defined (see Table 5-3). The number 

of cycles per phase was taken from the BSH standard storm event.  The two orthogonal loading 

directions θH were chosen based on the FINO measurements (see section 4.1). For the loading 

quantity, a lateral load of H = 15 kN with a lever arm of hH = 2 m was chosen for phases 1, 2, 3 

and 5, based on the scaling laws described in Section 4.2.  For phase 4, an even higher maximum 

lateral load of H = 20 kN was chosen to represent an extreme storm event (e.g. 50 year storm). 

Table 5-3: Generic loading scenario for model pile 

phase H 
[kN] 

θH  
[°] 

N 
[-] 

comments 

1 1 .. 15 0 12,000  

2 1 .. 15 90 12,000  
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3 1 .. 15 0 12,000 pre-loading for phase 4 

4 5 .. 20 0 12,000  

5 1 .. 15 90 12,000  

4/5 ext   12,000+ extension of phase 4 or 5 

 

In some tests, the phases 4 and/or 5 were extended to up to 140.000 cycles to investigate high 

cycle behaviour. The full test program is given in 0. 

5.4 Model sand 

5.4.1 Overview 

To install a model soil with soil properties similar to offshore conditions, sand was used which 

was commercially available from Schlingmeier Quarzsand GmbH & Co. KG (Schwülper/ 

Braunschweig, Germany) labelled 'G 0.1-1.2T' and shall be referred to as 'Braunschweig sand'. 

Physical and mechanical properties have been investigated in the laboratories of IGG-TUBS and 

the Federal Waterways Engineering and Research Institute (BAW). 

5.4.2 Physical properties 

The material consists of silica sand and can be classified as poorly graded sand (SP) according 

to DIN 18196/ASTM D-2487 and coarse sandy, slightly fine sandy medium sand (mSa, csa, fsa') 

according to DIN EN ISO 14688-1. The grains show compact, round shape. Figure 5-3 shows the 

grain size distribution, Figure 5-4 shows photos of the grains in macroscopic and microscopic 

view,  

Table 5-4 shows the grain parameters of the model sand. Grain size distributions were taken 

from the data sheet of the supplier (Schlingmeier), sievings at the IGG-TUBS lab and optical 

analysis using a CamSizer at the geotechnical lab of BAW.  
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Figure 5-3: Grain size distribution 

       

Figure 5-4: Macroscopic (left) and microscopic (middle, right) view of model sand 

 

Table 5-4: Grain parameters of model sand 

parameter  dimension value comments 

mean grain size d50 [mm] 0.39  

coefficient of uniformity CU [-] 2.4  

grain density ρs [kg/m³] 2650  

roundness  [-] 0.61 
mean values of all 
grain fractions 

sphericity  [-] 0.69 
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With the CamSizer in the BAW lab, also grain shape properties roundness and sphericity were 

determined. For the definitions of these parameters refer to Vos (2014). CamSizer evaluations 

give good agreement with DIN EN ISO 13503-2. The found grain shapes are illustrated in  

Figure 5-5. 

 

Figure 5-5: Grain shape according to DIN EN ISO 13503-2 

Soil parameters like stiffness and soil strength play an important role for pile installation 

process and lateral load displacement behaviour. These quantities depend on the soil density 

and stress state. While an equal stress state could not be realised in the 1g model, a dense 

packing was targeted. Minimum and maximum soil density were determined according to DIN 

18126. Table 5-5 shows the different density parameters for minimum and maximum soil 

density, the parameter ranges for dense and very dense sand and the mean values of the density 

parameters of the model soil as used in the model tests. A dense packing can be assumed for 

the model soil. 

Table 5-5: Absolute and relative density of model sand 

packing ρd 
[kg/m³] 

Dr 
[-] 

e 
[-] 

min 1.492 0 0.476 

max 1.796 1 0.776 

dense 1.644 .. 1.735 0.65 .. 0.85 0.581 .. 0.521 

very dense 1.735 .. 1.796 0.85 .. 1.00 0.521 .. 0.476 

model soil 1.707 0.74 0.552 

sphericity 

0.9 

0.7 

0.5 

0.3 

0.1  0.3    0.5      0.7       0.9     roundness 
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5.4.3 Shear parameters 

Direct shear tests according to DIN EN ISO 17892-10 and triaxial shear tests according to DIN 

EN ISO 17892-9 were  arrie   ut  n  ry san  t   etermine the interna  ang e  f s i  fri ti n φ'. 

   a   unt f r the   w stress state in 1g m  e  tests, the  erti a  stress was set t  σ'v = 25, 50 

and 100 kPa. Samples with different void ratio e were tested to evaluate the influence of the 

compactness of the soil. The following figure shows the relation between relative density Dr 

and soil friction angle φ' ( f. SCHULTZE 1968): 

    

Figure 5-6: Soil friction angle versus relative density 

Triaxial tests showed about 3° higher soil friction angles as the direct shear tests. This is in good 

agreement with ROWE (1969) wh  f un  that the  eak s i  fri ti n ang e φ' fr m ( ire t  shear 

box tests underestimates the peak angle in plane strain or triaxial compression by about 

Δφ' ≈ 4°. The relation between relative density and peak friction angle in direct shear tests can 

be formulated by 

 tanφ′ = 0.56 ∙ Dr + 0.31 (5-1) 

For the target density of Dr = 0.74 a s i  fri ti n ang e  f φ' ≈ 36° (direct shear) or φ' ≈ 39° 

(triaxial) can be assumed. 

 he  riti a  fri ti n ang e φc was assumed to be equal to the angle of repose. By means of the 

fixed-funnel method, an angle of repose of 32.2° was determined. 
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5.4.4 Dynamic stiffness 

Seismic tests (see EA Baugrunddynamik 2019) were carried out to determine dynamic soil 

stiffness parameters. Therefore, compression waves and shear waves were sent through a 

dense dry sand probe (ρd = 1717kg/m³; Dr = 0.77) in a triaxial cell. Compression wave velocity 

cp and shear wave velocity cs [m/s] were determined from wave travel time. Poisson's ratio 

ν [-], dynamic shear modulus Gdyn and dynamic oedometric modulus Eoed,dyn can be derived from 

the measurements using the following relations (EA Baugrunddynamik 2019): 

 ν = (cp
2 − 2cs

2)/2(cp
2 − cs

2) (5-2) 

 cs = √Gdyn/ρ → Gdyn = cs
2 ∙ ρ (5-3) 

 cp = √Eoed,dyn/ρ → Eoed,dyn = cp
2 ∙ ρ (5-4) 

For increasing cell pressure p = σ1 = σ3 (isotropic stress state), several measurements were 

taken to investigate the pressure dependency of the dynamic soil stiffness. The resulting soil 

consolidation affected the soil density negligibly (from Dr = 0.770 at p = 10 kPa to Dr = 0.774 at 

p = 100 kPa). Figure 5-7 shows discrete values for derived dynamic soil stiffness Eoed,dyn (red) 

and dynamic shear modulus Gdyn (blue), as well as power law approximations of the soil 

stiffness (coloured lines) in the form 

 
E = Eref ∙ pref (

p

pref
)
λ

 

pref = 100 kPa 

(5-5) 

 

Figure 5-7: Dynamic soil stiffness of model sand 
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The dashed lines indicate best-fit a  r  imati ns, resu ting in  ifferent e   nents λE an  λG 

whi e the s  i   ines in i ate fits with λE = λG = 0.4. For the model sand, the parameters to 

approximate the dynamic soil stiffness Eoed,dyn and dynamic shear modulus Gdyn are given in 

Table 5-6. 

Table 5-6: Dynamic soil parameters 

parameter unit best fit unif r  λ  

Eoed,dyn,ref [kPa] 3,050 3,300 

λE  [-] 0.35 0.40 

Gdyn,ref [kPa] 870 800 

λG  [-] 0.45 0.40 

 

5.5 Pile installation equipment 

The test pile was installed either by impact or vibratory driving. In each case, a cap (type 05, 

PN10, DIN EN 1092-1) was connected to the flange at the top of the pile on which either the 

impact hammer was placed or to which the vibro hammer was mounted. 

Impact pile driving 

For impact pile driving, a Diesel hammer type Delmag D2 (Figure 5-8, left) with a maximum 

rated energy of Wrated = 2.8 kJ per blow was used. The hammer was guided by a leader mounted 

to a wheel loader. The fuel valve was controlled manually to achieve maximum hammer energy. 

Vibratory pile driving 

For vibratory pile driving, a hydraulic hammer type APE J&M Model 23 was used (Figure 5-8, 

middle). Free riding and crane guided vibratory installations were carried out. The driving 

frequency fd could be regulated by the hydraulic flow. For crane-guided installation, a load cell 

and a damper were attached between the suppressor of the vibratory hammer and the crane 

hook (Figure 5-8, right). The penetration speed vpen could be controlled by the crane in two 

stages (~20 mm/s and ~70 mm/s). 



Pile installation equipment 

- 69 - 

   

Figure 5-8: D2 Diesel hammer (left) 

and Model 23 vibro hammer during pile installation (middle) 

and detail of crane suspension (right) 

For variations of the installation process, the eccentrics of the hammer were modified to 

produce a lower eccentric moment Me. Figure 5-9 gives the relationship between driving 

frequency fd and centrifugal force Fc for the unmodified (Model 23, blue) and modified 

(Model 23A, red) vibro hammers. The dashed lines indicate that driving frequencies of 26 Hz 

and 34Hz, respectively, lead to a centrifugal force of 62 kN (cf. Section 5.6.3). 

 

Figure 5-9: Centrifugal force over driving frequency for the Model 23 vibratory hammer 

with different eccentric moments 
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For pile extraction, a smaller vibro hammer, type APE Model 3, was used. The following table 

gives the main parameters of the vibratory hammers. 

Table 5-7: Vibratory hammer parameters 

parameter unit APE J&M 
Model 23 

APE J&M 
Model 23A 

APE 
Model 3 

comments 

Me [kg∙m] 2.33 1.36 0.35  

mdyn [kg] 685 685 324 including all moving parts* 

s0 [mm] 3.9 1.9 1.1 see Equation (2-13) 

fd,max [Hz] 27 34 38  

Fc,max [kN] 62.1 67.1 19.7 see Equations (2-11) 
and (2-12) 

* the dynamic mass mdyn comprises all moving parts of the hammer-pile system: 
gearbox, connection plate, pile flange, pile 

Regarding the rigid body assumption during vibratory pile driving, Equation (2-15) is applied 

to the pile and vibro parameters (Table 5-1 and Table 5-7). Due to the short pile length Lpile and 

the high longitudinal wave velocity cpile, the pile can be considered a rigid body during vibratory 

driving (not for impact driving!). The following equations show the comparison of wave travel 

time Twave with the shortest possible vibratory cycle period based on the maximum vibration 

frequency fd,max. Twave ≪ 1/fd,max, thus the rigid body assumption is valid for vibratory pile 

installation within the model tests. 

 

Twave =
2 ∙ Lpile

cpile
≪

1

fd,max
 

2 ∙ 3 m

5048 m/s
= 1.2 ∙ 10−3s ≪ 26 ∙ 10−3s =

1

38 Hz
 

(5-6) 

 cpile = √E/ρ = √200 ∙ 109/7850 = 5048m/s (5-7) 
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5.6 Test program 

5.6.1 Test stages 

To investigate the influence of the installation method on the behaviour of cyclic laterally 

loaded piles, impact driven, vibratory driven and jacked piles were investigated. Apart from the 

installation method, test parameters were not changed. Each test can be subdivided into the 

following stages, which are briefly described in the following sections: 

− test preparation (PREP) 

− pile installation (INST) 

− cyclic lateral load test (CLLT) 

5.6.2 Test preparation 

Before each test, the test pit was prepared by layer-wise filling and compaction of the model 

sand. Since two test pits were available, the sand could be taken from the pit were the prior test 

had been executed. Both pits were drained, the model sand had a natural water content of 

approximately 3 %. The soil was replaced to a depth of 3 m (≈ Lpen + Dpile). The model sand was 

installed in 15 layers of 0.2 m (target layer thickness after compaction) using a crane mounted 

clamshell and shovels to spread the sand. Afterwards, the soil was densified using a vibratory 

plate with a centrifugal force of 50 kN, acting on an area of 0.64 m² (type Wacker DPU 5045H). 

The mass of the (wet) sand of each layer was recorded as well as the actual layer height before 

and after compaction (levelled at nine points on the sand surface). On different soil levels, 

sensors (total earth pressure, pore water pressure, temperature, acceleration) were installed.  

Earth pressure spades to measure horizontal earth pressure were pushed into the soil from the 

current layer with orientation of the sensor plane towards the centre of the test pit. All other 

sensors were placed on top of the current layer. Figure 5-10 shows earth pressure transducers 

on top of a compacted sand layer. Following sand placement till target level, the pit was flooded 

using the drainage at the bottom of the pit. 
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Figure 5-10: Earth pressure sensors in the test pit (left) and detail of earth pressure spade ① 

pore water pressure transducer ② and earth pressure pad ③ (right, by courtesy of Glötzl) 

To verify the reproducibility and evenness of the sand installation, dynamic probing (DPM) 

according to DIN EN ISO 22476-2 and cone penetration testing (CPT) according to DIN EN ISO 

22476-1 were carried out after sand installation (= prior to pile installation). DPM soundings 

were done at each test and CPT were conducted at most tests from test Z08 onwards. From 

DPM the blow count N10,DPM and from CPT the cone resistance qc were used as a measure for 

the sand installation quality. A correction of the measured cone resistance qc was ignored due 

to the small hydrostatic pressure compared to the cone resistance. 

DPM and CPT readings 

Soundings were taken at different positions within the test pit defined by the radial distance 

fr m the  entre  f the  it r an  the ang e  ersus n rth θ. Figure 5-11 shows DPM results from 

test Z07 (left) and CPT results from tests Z11 (right). Dark lines indicate probing locations close 

to the centre of the pit while light lines indicate locations closer to the walls. 

① 

③ 



Test program 

- 73 - 

  

Figure 5-11: DPM readings from test Z07 (left) and CPT readings from test Z11 (right) 

at different locations within the test pit 

Lower DPM blow counts at locations close to the walls of the test pit can be noticed. This may 

be due to pit wall friction, taking some of soil's dead weight thus reducing soil stresses and 

therefore soil resistance. For the cone resistance of the CPT such behaviour could not be 

recognised. Due to the geometry of the CPT device, however, no CPT measurements could be 

executed closer than 1.65 m to the pit wall. As measure for the soil resistance of each test, mean 

gradients of the DPM and CPT readings over depth were taken. for DPM only locations with a 

certain distance to the pit walls (r ≤ 1.5 m) were considered.  

Correlations between results of cone penetration tests, dynamic probing and geotechnical 

parameters are available (e.g. MAHLER & SZENDEFY 2009; ROBERTSON 2010; ALAM et al. 2014; DIN 

4094-1). However, these experiences have to be treated with great caution, especially in the 

environment of scale model investigations in a test pit with low stress state and compacted 

sand. Thus, the results of the CPT and DPM soundings shall be considered for quality control 

and proof of reproduceable test preparation only. Therefore, DPM soundings taken within a 

radius of 1.5 m from the centre of the test pit and all CPTs of each test are given in Figure 5-12. 

In Table C-1, the mean tren s δN10,DPM/δ  an  δ c/δ  are gi en f r ea h test t    m are the 

quality of the sand preparation by a single number. 
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Figure 5-12: CPT (left) and DPM (right) readings for all tests after preparation 

Both DPM and CPT readings show a good reproducibility of the filling of the test pits in the 

different tests. It may also be noticed that qc values of about 25 MPa in a depth of about 2 m are 

quite high. A reason for this may be given by the overconsolidation due to dynamic compaction, 

as stated below. 

Soil mass and volume 

The soil density after soil installation can be estimated by the total mass of the installed soil and 

the volume of the test pit (Dr,pit). However, this method may lead to considerable errors, mainly 

due to the soil's water content which was not determined with the required precision during 

sand placement. After some of the tests, cylindrical soil samples were taken to determine the 

actual soil density according to DIN 18125-2 (Dr,sample). To avoid influences of the pile 

installation and pile loading as well as the boundary of the pit, the samples were taken at a 

radius of 1 m from the centre of the pit. Relative densities from samples and gradients of DPM 

and CPT readings are given in 0, Table C-1. As average value, a relative density of Dr = 0.74 is 

assumed for the model sand in the test pit. 
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Primary stress state 

The primary stress state in the sand filled pit has already been investigated by FISCHER (2021), 

who used the same facilities and filling procedures for his tests. Silo theory (DIN 4085) was not 

applicable since the diameter of the pit is similar to the depth of the pit  and a reduction of the 

earth pressure was not observed. On the contrary, an increase of horizontal earth pressure due 

to the compaction procedure (DIN 4085) was noticed. Figure 5-13 shows the profiles of 

measure  effe ti e h ri  nta  s i  stresses σ'h after sand placement over depth z for all tests 

(coloured lines) and the theoreti a    erbur en  ressure γ'∙  (b a k  ashe   ine . Ob i us y, a 

stress state with k0 ≥ 1 is present, probably caused by the soil compaction.  

 

Figure 5-13: Horizontal soil stresses after sand placement 

As justified by FORAY et al. (1998), higher horizontal earth pressure coefficients may represent 

the behaviour of overconsolidated soils as to be found in the German North Sea. FORAY et al. 

(1998) also observed higher CPT readings in overconsolidated sand compared to normally 

consolidated sand, which fits well with the somewhat surprisingly high CPT values shown 

above.  
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5.6.3 Pile installation 

Three different installation methods were used. Regarding the vibratory installation technique, 

installation parameters were varied as well: 

− impact driving 

− vibratory driving 

o crane-guided/free-riding 

o different eccentric moments 

Before installation, the pile was placed in the centre of the test pit and held in place using rollers 

on a pile guiding frame which rested on the walls of the test pit. The pile was installed to 

penetration depth of about 1 m. The installation process was interrupted and the rollers were 

loosened and pulled back to allow the flange to pass. Afterwards, the installation was continued 

to target penetration depth. Figure 5-14 shows the pile after upending (left) and during impact 

(middle) and vibratory pile driving (right). 

   

Figure 5-14: Pile before installation (left), during impact driving (middle) 

and during vibratory driving (right) 
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Impact pile driving 

For impact pile driving, the Delmag D2 Diesel hammer, carried by a wheel loader, was used. The 

hammer was operated close to maximum energy. Pile driving measurements (EA-Pfähle 2012) 

using two pairs of strain and acceleration sensors (mounted in opposite directions of the pile, 

47 cm below the pile top) and the Allnamics PDR data acquisition unit were carried out. Pile 

penetration was recorded visually using a video camera and a measure drawn over the pile 

length and later synchronised with the pile driving records acquired with the PDR. Soil stresses 

were measured using the earth pressure and pore water pressure transducers and the National 

Instruments SCXI data acquisition unit. PDR records and soil stresses were later synchronised 

manually. 

Vibratory pile driving 

For vibratory pile driving, the APE J&M Model 23 vibratory hammer (with varying eccentrics) 

was rigidly attached to the model pile. Pile driving measurements at the pile head and 

measurements of the soil stresses were done as described above. Additionally, the following 

measurements were taken and acquired using the Dewesoft DW43 data acquisition unit: 

− acceleration at the pile head (measured on the mounting plate) 

− strains in two measuring sections 

(45 cm below the pile head and 10 cm above the pile toe) 

− actual pile penetration (using the cable transducer between mounting plate and crane) 

− soil accelerations 

− line pull (crane-guided installation only) 

The measurement setup is drawn in Figure 5-15. 

Driving frequency (from the acceleration measurement), pile toe penetration and line pull (for 

crane-guided installation) from the DW43 system were displayed in real time and used to 

control the installation process. 

For a crane-guided pile installation the vibratory hammer (rigidly attached to the model pile) 

was fastened at the crane hook via a rubber damper to reduce vibrations on the crane and a 

load cell. The hammer frequency fd was adjusted with a throttle regulating the hydraulic flow. 

The pile was lowered into the soil with a constant penetration speed vpen and at constant driving 
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frequency fd. The driving frequency was adjusted to achieve a similar centrifugal force with the 

different vibro hammers (cf. Figure 5-9 and Equation (2-11)). 

For free-riding pile installation, the vibratory hammer was not fastened to the crane. The 

driving frequency was increased subsequently using the throttle to provide a more or less 

constant, continuous penetration. Depending on the manual control of the driving frequency, 

'aggressive' and 'moderate' installations can be distinguished: In case of 'aggressive' frequency 

control, the throttle to regulate the hydraulic flow was opened faster to aim at a constant and 

swift pile penetration. In case of 'moderate' frequency control, the throttle was opened more 

slowly, resulting in situations where the pile was close to a 'refusal' (= no/little further 

penetration). 

 

 

  

Lpen pile penetration 

a acceleration 

ε strain 

σ soil stress 

  

Figure 5-15: Measures taken during pile installation 
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5.6.4 Cyclic lateral load test (CLLT) 

After pile installation the transition piece was mounted on top of the pile. The system's bending 

mode eigenfrequency after pile installation was determined by means of a lateral frequency 

response test (LFRT) (see below). The actual pile penetration was measured with the upper 

edge of the test pit as reference. The guiding frame was aligned with the loading direction to 

serve as support for the displacement transducers. Displacement transducers and inclinometer 

were installed. The system was left unloaded for about 72 hours to allow for pile setup and 

relaxation of possible pore water build-ups. 

Figure 5-16 shows the pile with loading device and all measuring equipment for cyclic lateral 

load testing (left) and the pile with detached loading device and measuring equipment for 

lateral frequency response testing (right). 

 

Figure 5-16: Pile with measurement equipment and loading device prepared for CLLT (left) 

and pile detached from loading device for LFRT (right) 

Figure 5-17 shows the measured quantities and corresponding sensors used during cyclic 

lateral loading (CLLT) and for eigenfrequency measurements (LFRT). 
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Figure 5-17: Measurement setup for cyclic lateral load testing (left) 

and lateral frequency response test (right) 

Cyclic lateral loading was carried out in several phases. Directly before each phase of the cyclic 

lateral load test, the loading device was attached. Directly before each loading phase, a pre-

tension of 50% of the minimum lateral load (H = 2.5 kN for phase 4 and 1 kN otherwise) was 
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applied. The pre-tension was necessary to assure a permanent pulling load applied to the 

pneumatic muscle used in the loading device. Figure 5-18 shows the force signal (top left) and 

 is  a ement signa  (b tt m  eft   f the start  f  hase 4  f test  14. A  hase  ffset  f u ≈ 4.5 mm 

can be seen in displacement signals which originates from transducer offset and displacement 

of previous loading phases. This offset is later subtracted from the measurement signal. At 

about t ≈ 3 .. 4.5 min, the pre-tension of about H ≈ 2.5 kN is applied, resulting in an increase in 

pile head displacement of ab ut Δu ≈ 0.2 mm. Afterwards, cyclic loading with normally 12,000 

cycles and consequently cyclic pile head movements start. The pile response to cyclic loading, 

which was described exemplary for the pile head displacement u, also applies for pile deflection 

in general and soil stresses. In all cases, phase offsets were determined to evaluate system 

performance during specific loading phases. 

 

Figure 5-18: Exemplary force (top left) and displacement (bottom left) signals 

and load-displacement curves (right) for start of cyclic lateral loading 

After each phase, the system was completely unloaded and the loading device was detached to 

execute a frequency response test and to change the loading direction. 

phase offset 

pre-tension 

cyclic loading 
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In each test, the loading scenario described in Table 5-3 was executed at least until phase 4 

(H = 5..20 kN). Within some tests, phases 4 or 5 were extended to up to 140,000 cycles to 

investigate high cycle behaviour. After phase 4 or 5, phases with different loading scenarios 

(e.g. different load ranges Hmdl, different angles  θH) were executed. Cycle period was adjusted 

to Tcycl ≈ 5 s for phases with a maximum load of 15 kN and Tcycl ≈ 7 s for phases with a higher 

maximum load. A detailed list of all tests can be found in 0. 

Load-deflection measurements 

While cyclic loading, the following measurements were taken with a frequency of 100 Hz 

(resulting in 500 to 700 samples per cycle): 

− lateral force H [kN] at the top of the TP 

− pile displacement u [mm] at different directions and levels 

−  i e in  inati n ψ [ ] at the t    f the    

− t ta  s i  stresses σv, σrad [kPa] in vertical and radial directions as well as pore water 

pressure pPWP [kPa] at different positions  

The positions of the sensors are sketched in Figure 5-17 (left). 

Eigenfrequency measurements 

To investigate the change of the pile's lateral dynamic behaviour, the bending mode 

eigenfrequency was determined by means of lateral frequency response tests at various stages 

before, during and after cyclic lateral loading. Therefore, an impact excitation and the pile's 

response had to be measured. High sensitivity accelerometers were mounted to the top of the 

transition piece. An instrumented impact hammer was used for the excitation. Details on 

eigenfrequency determination are given in (STEIN 2020). 

Between the load phases, lateral frequency response tests were executed to measure the 

system's eigenfrequency. Therefore, high sensitivity accelerometers were mounted to the top 

of the transition piece. The system was dynamically excited at the top of the transition piece 

using an equipped impact hammer. The sensor and excitation positions are drawn in Figure 

5-17 (right). 
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Mudline elevation measurements 

Before the first phase and after each phase of cyclic loading, the actual pile penetration and the 

mudline elevation around and in the pile were measured. The pile penetration was measured 

the same way as after pile installation. The mudline elevation around the pile was measured 

using scaling labels fixed to the pile wall at mudline level in eight directions with a reading 

accuracy of 5 mm (see Figure 5-19). The mudline elevation inside the pile was measured at 

three points inside the pile using a levelling arm from the upper edge of the transition piece. 

 

Figure 5-19: Soil subsidence around pile 

 

5.7 Data processing 

5.7.1 General objectives 

To analyse the pile behaviour due to cyclic lateral loading, the following information had to be 

extracted from the measurements: 

− load deflection behaviour 

− deflection accumulation law 

− soil stiffness development 

− soil stress development 

scaling label: 

cone of 
subsidence 

mudline level 
at target penetration 

1 cm 
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Therefore, load and deflection quantities at different pile sections had to be calculated and load 

cycles had to be identified from the continuous measurements. The determination of the pile's 

eigenfrequency is an independent topic. 

To investigate possible installation effects on the pile and soil behaviour, the pile installation 

process had to be described. For vibratory installation, the following parameters were 

analysed: 

− driving frequency 

− pile motions (acceleration, velocity, displacement, penetration speed) 

− pile forces and external forces 

− soil stresses 

For impact driving, the following parameters were analysed: 

− impact energy 

− blow count 

− soil stresses 

5.7.2 pile driving monitoring (impact driving) 

From the strain and acceleration measurements logged by the PDR and the penetration records 

from the accompanying videos, blow counts per 100 cm penetration N100 [-], total driving 

resistance per blow Rblow [kN] and driving energy per blow Wblow [kNm] over penetration depth 

Lpen [m] were evaluated. 

The blow count N100 is defined as the number of hammer blows for an increase of pile 

penetration of 100 cm. For the driving resistance and driving energy, the measured strain and 

acceleration signals were evaluated. Pile force Fstr [kN] was calculated from the measured 

strain ε [-] and axial pile stiffness EA [kN], velocity v [m/s] was derived from measured 

acceleration a [m/s²] by integration over time t [s]: 

 Fstr(t) = ε(t) ∙ EA (5-8) 

 v(t) = ∫a(t) dt (5-9) 
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 The energy induced into the pile W(t) [kNm] can be calculated as integral of the product of 

force and velocity over time (EA-Pfähle 2012): 

 W(t) = ∫Fstr(t) ∙ v(t) dt (5-10) 

The energy per blow or driving energy Wblow is the energy at the end of the blow. The 

penetration specific energy W100 [kNm/m] is the energy per blow multiplied with the number 

of blows per 1 m penetration: 

 W100 = Wblow ⋅ N100 (5-11) 

Additionally, the total driving resistance per blow Rblow can be calculated from force and 

velocity signals and the dynamic stiffness or pile impedance Zpile, as described in (EA-Pfähle 

2012). This is performed by default during pile driving monitoring. Further analysis of the force 

and velocity signals are possible to estimate static pile resistance, e.g. by wave equation analysis 

and signal matching. 

The following Figure 5-20 shows typical force and velocity signals of one hammer blow during 

impact pile driving. Pile force from measured strain and pile stiffness Fstr and pile force from 

integrated acceleration and pile impedance v ∙ Zpile are given in [kN], transferred energy W is 

given in [kNm]. Parallel to the time t, the pile length coordinate L = t ∙ cpile is plotted on the 

abscissa. Zero of time and length is defined at the start of the blow.  

 

Figure 5-20: Typical pile signal from hammer blow 
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Before the start of the blow, an increase in the force signal was detected which is usual for Diesel 

hammers and indicates the compression of the fuel in the combustion chamber. The hammer 

blows were long compared to pile length, measuring 2.55 m from the sensor level to the pile 

toe. Due to the length of the impact compared to the pile length, the analysis of the pile signals 

as usual in pile driving analysis or dynamic pile testing may not be appropriate. However, the 

evaluation of the measured energy is considered a valid method to assess the driving energy 

and thus the comparability and repeatability of the tests. 

5.7.3 pile driving monitoring (vibro driving) 

To describe the pile motion during vibratory driving, time signals and derived vibro parameters 

are distinguished. Time signals were captured for pile penetration Lpen(t) [m], pile head 

acceleration a(t) [m/s²],  i e strain ε(t  [-] and line pull Fline(t) [kN]. Pile penetration speed 

vpen [m/s] was defined as the gradient of the pile penetration. Velocity signal v(t) [m/s] and 

displacement signal s(t) [m] were integrated from acceleration signal, integration errors were 

corrected by the measured pile penetration speed vpen and pile penetration Lpen. Force signals 

Fstr,top(t) and Fstr,toe(t) were calculated from dynamic strain measurements (after deduction of 

strain offset) and pile stiffness (Equation (5-8)). The centrifugal force Fc(t) was calculated from 

driving frequency and eccentric moment, the inertia force Fin(t) was calculated from the pile 

acceleration a(t) and dynamic mass mdyn. The dynamic force Fdyn(t) is defined as the sum of 

inertia force Fin(t) and centrifugal force Fc(t): 

 Fin(t) = a(t) ⋅ mdyn (5-12) 

 Fc(t) = Me ∙ ωd
2 ⋅ sin(ωd ⋅ t + ΦF) (5-13) 

 Fdyn(t) = Fin(t) + Fc(t) (5-14) 

 he  hase ΦF was not measured. 

For further evaluation of measured pile forces, the system above the strain sensors at the pile 

head is depicted in Figure 5-21. For the free vibrated piles, only the dynamic force Fdyn acts on 

the system above the measurement level which is equal to the offset-corrected measured force 

Fstr,top: 

 
Fc(t) + Fin(t) = Me ∙ ωd

2 ⋅ sin(ωd ⋅ t + ΦF) + a(t) ⋅ mdyn
= ε(t) ∙ EA = Fstr,top(t) 

(5-15) 
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For the validity of Equation (5-15), the correct mass mdyn (i.e. including the pile section until 

the measurement  e e   an  the   rre t  hase ΦF ha e t  be   nsi ere . ΦF is the phase shift 

between the rotation of the eccentrics of the vibro hammer and the oscillation of the pile-vibro 

assemb y an    aries between   an  π (NENDZA 2007). As the  hase ΦF was not measured 

directly (e.g. from the position of the eccentrics), it was recursively estimated from the 

measured forces Fstr,top, Fin and Fc.  heref re, ΦF was  arie  between   an  π an  the  a ue with 

the smallest integral over time of the difference between Fstr,top and Fin + Fc was taken. 

 

Figure 5-21: Forces acting on the pile head and vibro above upper strain sensor level 

In case of crane-guided vibratory driving, additional line pull and growing influence of the 

suppressor make it difficult to evaluate the system's dynamics. 

Vibratory driving energy 

The energy W1s [kJ] was calculated similar to Equation (5-10) over the period of one second 

and divided by the driving frequency fd [Hz] (= number of vibration cycles per second) to get 

the energy per cycle Wcycle [kNm]. To get penetration specific energy W100 [kNm/m], the energy 

W1s was divided by the penetration speed vpen [m/s]: 
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 W100 = W1s/vpen (5-16) 

Integrati n  f F∙    er time a   r ing t  E uati n (5-10) gives the total energy acting on the 

pile-soil system. To get a better understanding of energy-dependence on the pile penetration, 

two distinctions were made: 

− The energy during downward-directed pile movement W↓ was calculated considering 

only energy induced when v > 0. 

− The energy during irreversible penetrative pile movement Wset was calculated 

considering only energy induced when v > 0 and the pile toe reached a penetration that 

had not been reached before, as proposed by SCHÖNIT & REUSCH (2008). 

Static and dynamic pile forces 

Pile forces were derived from measured strain Fstr and acceleration and eccentric moment Fdyn 

as described above. These forces are in equilibrium with static and dynamic pile resistances. 

Rstat(s) describes the static, displacement-dependent soil resistance, Rdamp(v) describes the 

velocity-dependent damping and Rin(a) describes the acceleration dependent inertia force 

acting on the pile. Definitions of Rstat, Rdamp and Rin can be taken from Figure 2-3 and 

Equations(2-1), (2-2) and (2-3). Static pile resistance and damping were estimated by the 

following procedure: 

− For dynamic mass mdyn, the pile mass below the measuring section in focus was taken 

without any attached soil body. Thus, Rin is known from measured acceleration. 

− It was assumed that Rstat(s=0) = 0; the dynamic part of the displacement (without 

overlying pile penetration speed) was taken for s. So Rdamp(s=0) is the measured force 

minus inertia force at s = 0. 

− A linear relationship between Rdamp an    was assume  (αdamp = 1 in Equation (2-2)), 

thus the damping constant can be calculated by 

Cax ∙ Lpen ∙ 2 ∙ π ∙ Dpile= Rdamp(s=0)/v(s=0).6 

                                                        

6 The 'circumference' of the pile shaft of an open-ended pipe pile is approximated by 2 ∙ π ∙ Dpile (outer + 

inner pile shaft) as the wall thickness is small compared to the diameter. 
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− With known damping constant Cax and 'inertia constant' m, Rdamp and Rin can be 

calculated at any timestamp and Rstat can be calculated from the measured force by 

subtracting Rdamp and Rin. 

From the time signals, statistical values (min, mean, max, peak-to-peak) were calculated over a 

period of three cycles to be plotted in penetration records. The driving frequency fd was 

calculated from acceleration measurements at pile head using moving-window FFT algorithm 

with a window length of one second. The following Figure 5-22 shows exemplary force and 

motion signals over three vibration cycles. 

 

Figure 5-22: Pile signals from vibratory driving measurements 

and exemplary derived vibro parameters 

Pile force signals (top) are drawn in black. The solid line indicates the pile force from measured 

strain Fstr, the dashed line shows pile force Fdyn from measured acceleration (inertia force) Fin 

plus the sinusoidal course of the centrifugal force Fc. Pile motion signals are drawn in different 

colours. The straight dashed green line (bottom) describes the pile penetration measured with 

the wire transducer which was used to correct the displacement and velocity signals. The slope 
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of this line is the penetration speed vpen. The peak oscillation amplitude s0, set per cycle sset, and 

downward displacement s↓ were extracted from the displacement signal (= double integrated 

acceleration signal). Acceleration amplitude aampl as well as largest upwards and downwards 

directed velocities vmin and vmax are also meaningful parameters to described vibro pile driving, 

as will be shown in Section 6.2.3.  

5.7.4 soil stress developments during pile installation 

During all pile installations, independent of the installation method, total soil stresses in vertical 

an  ra ia   ire ti n σv an  σrad and pore water pressures pPWP were measured. From the 

measure  t ta  stresses σv an  σrad, the pore water pressure pPWP was subtracted to get the 

effe ti e s i  stresses σ'v an  σ'rad. The pore water pressure at any point in the test pit (i.e. at 

any sens r    ati n  was   nsi ere  e ua  t  the hy r stati   ressure γw ∙ (z+hWT), while the 

actual water table hWT above mudline was gotten from the actual pore water pressure 

measured at different locations to account for fluctuations in the water table over time (e.g. due 

to evaporation or rain). 

 σ′ = σ − pPWP (5-17) 

 pPWP = γw ∙ (hWT + z) (5-18) 

 hWT =
pPWP,msrd
γw

− z (5-19) 

PWP measurements in the vicinity of the pile are used to investigate possible effects of PWP 

build-ups. Figure 5-23 shows measurement signals of the effective horizontal stress (top) and 

pore water pressure (middle) as well as the pile toe penetration (bottom). The timestamps 

where the pile toe reaches the measurement level of the earth pressure spade (z ≈ 2.05 m) and 

the PWP sensor (z ≈ 2.2 m) are marked with solid and dashed lines, respectively. 

The effective horizontal soil stress (Figure 5-23, top) oscillates with an amplitude of over 

50 kPa and its mean value increases by about 50 kPa as the pile toe approaches the 

measurement section. This phenomenon will be discussed in Section 6.2. At the same time, the 

measured PWP shows an oscillation amplitude of way below 1 kPa and an overall increase of 

about 1 kPa, both negligible for the evaluation of the effective earth pressure. 
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Figure 5-23: Exemplary development of soil stresses 

in the vicinity of the pile during to vibratory driving 

For further analysis, statistical values (min, max, mean, median) of the effective stress signals 

over a period of one second were taken and matched to the pile penetration to describe stress 

amplitudes and overall trends. 

5.7.5 pile measurements during lateral loading 

Horizontal displacement and inclination of the pile were measured in two directions. The 

lateral displacement was measured at the top and bottom of the transition piece while the 

inclination was measured at the top of the transition piece only. The lateral load applied at the 

top of the transition piece was measured in loading direction (cf. Section 5.6.4). All signals were 

captured at a sampling frequency of 100 Hz and filtered using a moving median filter with a 

window length of 10 samples; the inclinometer signals were filtered using a moving median 

filter with a window length of 30 samples. Figure 5-24 shows an exemplary plot of the 

measure   atera    a    (t   ,  is  a ement at  i e hea  u (mi   e  an  in  inati n at the    ψ  

(bottom) for the first two cycles of test Z09. The plots on the right show zoomed signals. The 
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filtering procedure was especially necessary for smoothing of the inclination signals (bottom). 

The accelerometer-based inclinometers were affected by the sudden pulling and releasing of 

the loading device. 

 

Figure 5-24: Exemplary raw and filtered signals from cyclic lateral loading 

From the measured lateral force H, cycles were isolated and timestamps for the beginning and 

end of each loading and unloading phase were detected. Pile deflections were picked at the 

timestamps. Figure 5-25 (left) shows the procedure for the first cycle of phase 1 of test Z14. A 

load level of H = 1..15 kN is used to determine the cycles. Lateral load H is drawn in the upper 

left graph and the corresponding horizontal pile displacement at pile head level u is drawn in 

the bottom left graph. The resulting load displacement curve is drawn in the top right graph. 

An anelastic behaviour can be recognised. Between the points u(H) of the particular load levels 

during the loading and unloading periods, the loading and unloading secant stiffness Elat,load and 

Elat,unld can be determined. As expected, the unloading stiffness of the first cycle is much higher 

than the loading stiffness. 
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Figure 5-25: Example of detection of cycles (left) and calculation of secant stiffness (right) 

5.7.6 soil stress developments during lateral loading 

Effective soil stresses were calculated from measured total stresses and pore water pressures 

as described in Section 5.7.4. To investigate possible PWP accumulation, PWP transducers were 

emplaced in a distance of about 10 cm to the pile wall (r ≈ 40 m) at depths and directions with 

highest expected soil stresses (z ≈ 20, 60 cm in downwind direction and z ≈ 220 cm in upwind 

direction; Figure 5-26, middle) for some tests. Figure 5-26 shows exemplary PWP signals for 

phase 1 of test Z13. During cyclic lateral loading of about 18 hours, no PWP build-up was 

measured (Figure 5-26, left). The maximum differences from the mean PWP were far below 

1 kPa (Figure 5-26, middle) and does not have a severe influence on the effective s i  stress σ'. 

As the PWP sensors were placed in a distance of 10 cm to the pile wall, PWP accumulation at 

closer distance to the pile cannot be excluded by these measurements. PWP build-ups at the 

locations of the earth pressure spades with a distance of about 20 cm to the pile wall (r ≈ 50 m) 

and thus an influence on the effective earth pressure (Equations (5-17) to (5-19)), however, 

can be excluded. 
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Figure 5-26: Exemplary PWP development in the vicinity of the pile due to lateral loading 

Regarding the fluctuation of the PWP during the first cycles (Figure 5-26, middle) it is notable 

that the measured PWP at the uppermost sensor location (red) drops during initial loading and 

has a phase shift with respect to the other two PWP measurements (magenta, green). An 

increase of PWP with soil loading would be expected as the pore water takes a (here little) part 

of the load acting on the soil matrix. A possible explanation for the unsuspected behaviour can 

be given considering dilatant soil behaviour: 

− At sha   w  e th,   erbur en  ressure σ'v = γ' ∙ z and thus shear strength 

τs = σ'v ∙ tan(φ  is   w,  ea ing t   i atant soil behaviour and early soil failure together 

with an increase of the pore volume. This causes the decrease of the PWP. 

− In deeper soil layers, overburden pressure and shear strength are higher so that the 

increase of pore volume due to dilatant soil behaviour is less severe. 

To analyse changes due to cyclic loading, the difference of soil stresses Δσ' with res e t t  a 

certain stage of the tests (e.g. the start of a loading phase) was calculated by subtracting a 

certain offset. The same procedure is illustrated in Figure 5-18 for the pile head displacement. 

The phase offset for example was taken as mean value over several seconds before pre-tension 

was applied to the loading device. 

 Δσphase
′ = σ′ − σoffset,phase

′  (5-20) 

The soil stresses at different positions within the test pit were sampled synchronous to the pile 

measurements. Thus, the soil stresses (and derived measures, e.g. changes in effective soil 

stresses) at certain load cycles (min and max values) can be given by the same time stamps as 

selected for the pile deflections. Thus, soil stress developments over   a   y  es σ(N   an be 



Data processing 

- 95 - 

gi en f r  ertain sens rs  r s i  stress  istributi n   er  e th σ(    an be gi en f r  ertain   a  

cycles. 

5.7.7 eigenfrequency measurement 

For the eigenfrequency measurements mentioned in Section 5.6.4, two signals were obtained: 

The excitation signal measured by an accelerometer mounted to the impact hammer aexc(t), 

which can be scaled to a force signal Hexc(t), and the lateral pile response measured by the 

accelerometers mounted to the transition pieces, aresp(t). As shown in Figure 5-17, four 

accelerometers were mounted to the top flange of the transition piece in directions of θ = 0°, 

90°, 180° and 270°. For the examination of the system's bending mode eigenfrequency, only 

those signals measured by the sensors aligned with the direction of the hammer impact were 

evaluated. Measurements at opposite sides of the transition piece were intended to be taken 

for redundancy but could also be used to distinguish between cantilever and ring oscillations 

as described in STEIN (2020). 

In modal analysis, the eigenfrequencies of a system are identified by means of the transfer 

function ĥ(f  which is the relation between system excitation and system response in the 

frequency domain: 

 ĥ(f) =
aresp(f)

aexc(f)
=
FFT(aresp(t))

FFT(aexc(t))
 (5-21) 

The excitation and response in the frequency domain can be obtained from the time domain 

signals by a Fast Fourier Transformation (FFT). The resulting FFTs of the system excitation, 

system response and the system's transfer function consist of a real part describing the 

amplitude of system acceleration at different frequencies and an imaginary part describing the 

phase. System eigenfrequencies can be assumed where the real part of the transfer function has 

a local maximum and the phase shows a turning point (= local extrema of the derivate of the 

phase). 

Figure 5-27 shows excitation (black) and response (blue) signals in the time domain (top left) 

with a sharp impact and decay of the response signal over about 300 ms. In the frequency 

domain (top right), the response has peaks at about 21 Hz, 288 Hz, and 410 Hz while the 

excitation (= hammer impact) shows a constant course over the plotted frequency range. Thus, 

the shape of the amplitude transfer function is similar to the response spectrum and not plotted 
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here.  he  hase Φ  f the transfer fun ti n (b tt m right, green) shows continuous values 

between –π an  π.  urning   ints  an be f un  at the ab  ementi ne  fre uen ies, s  they a   

are candidates for the pile's bending mode eigenfrequency. 

 

Figure 5-27: Measured signals (top left), frequency spectra (top right) 

and phase of transfer function (bottom right) from LFRT 

The bending mode eigenfrequency f0,lat [Hz] of a simple cantilever (see Figure 5-28, right) can 

be estimated used an analytical cantilever model (DEN HARTOG & MESMER 1952): 

 f0,lat =
1

2 ∙ π
∙ √

3 ∙ EI

Leq
3 ∙ (m1 + 0.23 ∙ ρ ∙ A ∙ Leq)

 (5-22) 

EI [kNm²] is the pile bending stiffness, m1 [kg] is a point mass at the free end of the cantilever, 

an  ρ∙A [kg/m] is the mass of the pile per unit length. Leq [m] is the equivalent length of the 

cantilever, which is in the range between the total length of the pile and transition piece 

Lpile + LTP and the free length of the transition piece and the pile above the mudline Lfree, 

depending on the soil bedding. The model pile and the equivalent system are shown in Figure 

5-28. Here, the mass of the flange connection between pile and TP is distributed over the 

e ui a ent  i e  ength (ρ∙A + m2/Leq): 
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Figure 5-28: Physical pile model (left) and equivalent clamped cantilever (right) 

Using the equivalent cantilever system, the system's eigenfrequency is estimated between 

14 Hz and 48 Hz (STEIN 2020), thus the excitation is suited for modal analysis of the pile-soil 

system. 

Referring to the signal analysis, 21 Hz indicates the first fundamental of the bedded beam. 

Further evaluation of the acceleration signals revealed that the higher frequencies may belong 

to annular oscillations of the upper flange (STEIN 2020). Therefore, the peaks in the frequency 

spectra around 21 Hz are considered as bending mode eigenfrequencies. Their differences and 

developments will be analysed, among other subjects, in the subsequent chapter. 

Time 

Time and loading frequency of the cyclic lateral loading tests are not scaled because velocity 

dependent damping and inertia effects and are considered negligible for loading frequencies 

smaller than 1 Hz. Cycle times of Tcycl ≈ 5 .. 7 s were chosen to conduct one phase with 12,000 

cycles from one working day to the other. The mass of the foundation (including model pile, 

transition piece (TP), flanges and saturated soil within the pile) is about m ≈ 2,000 kg. A loading 

duration of Tcycl = 5 s, results in an angular frequency of ω ≈ 1.3 1/s. The initial lateral secant 

stiffness of the pile at 0.6 m above the mudline was about Elat,sec ≈ 6.3 kN/mm for the first cycle 

and increasing with further cycles (STEIN et al. 2019a). Equation (4-10) then yields: 

m 
2

  A

EI
  A m 

2
/  

e 

EI

m 
1 m 

1

  A

EI

ph si a     e  i ea ise  s ste 



Description of model tests 

- 98 - 

m [t] ∙ ω [1/s] = 3.16 ≪ 630 = 0.1 ∙ Elat [kN/m] 

Thus, inertia effects can be neglected and the loading frequency varied within a certain range 

without influencing the model. 

Based on the generic OWT, scaling laws and practical constraints, the model with the 

parameters given in Table 4-1 was set up in the geotechnical test pit at the Institute for 

Geomechanics and Geotechnics of Technische Universität Braunschweig (IGG-TUBS). 
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 Results of model tests 

6.1 Overview 

In this chapter, the results of the model tests described in the previous chapter shall be 

presented and discussed. Table 6-1 gives an overview over all tests with the main 

characteristics of the installation process and a set of colours, markers, and line styles to be 

used for each test when comparing results of different tests. The installation equipment is 

specified in Section 5.5. Regarding free and guided vibratory installation refer to Section 5.6.3. 

Eccentric moment Me and driving frequency fd can be regarded as control parameters for all 

vibratory installations. For the crane-guided installations, the penetration speed vpen is another 

control parameter while for free installation, the penetration speed is a part of the response of 

the dynamic system. Tests with vibratory pile installation are grouped regarding free/crane-

guided installation and the control parameters Me and fd. For tests of one group, the same colour 

is used. The group of tests with free vibratory installation and high eccentric moment is 

subdivided into a 'moderate' (thin lines) and a more 'aggressive' (bold lines) manual control of 

the driving frequency (cf. Section 5.6.3). Crane-guided vibratory driven piles were installed 

with a 'fixed' driving frequency. 

The evaluation of the model tests is structured as follows: 

Section 6.2 dynamic response of pile and soil during pile installation with respect to different 

installation methods/parameters  

Section 6.3 monotonic response of pile and soil to lateral loading with respect to different 

installation methods/parameters (first cycles of cyclic lateral load tests) 

Section 6.4 cyclic response of pile and soil to uni-directional lateral loading with respect to 

different installation methods/parameters (first phases of cyclic lateral load tests) 

Section 6.5 cyclic response of pile and soil response to multi-directional lateral loading (all 

phases of cyclic lateral load tests) 
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Table 6-1: Pile installation parameters 

test installation 
method 

Me 
[kg∙ ] 

fd 
[Hz] 

vpen 
[mm/s] 

group 
[vpen-Me-fd] 

line 
marker 

line 
style 

Z01 vibro 2.33 13.8 .. 22.2 variable free-hi-mod ⨯ ––– 

Z02 vibro 2.33 11.1 .. 25.3 variable free-hi-mod + –  – 

Z03 impact -- -- -- -- ⨯ ––– 

Z04 impact -- -- -- -- + –  – 

Z05 vibro 2.33 12.0 .. 22.2 variable free-hi-mod * ∙ ∙ ∙ 

Z06 vibro 2.33 12.0 .. 23.9 variable free-hi-mod ⋆ 
 

– ∙ 

Z07 vibro 2.33 11.7 .. 26.1 variable free-hi-aggr ⨯ ––– 

Z08 vibro 2.33 14.1 .. 27.9 variable free-hi-aggr + –  – 

Z09 vibro 2.33 14.0 .. 29.6 variable free-hi-aggr * ∙ ∙ ∙ 

Z10 impact -- -- -- -- * ∙ ∙ ∙ 

Z11 vibro 1.36 34.3 20 guided-hi-fix ⨯ ––– 

Z12 vibro 1.36 34.4 20 guided-hi-fix + –  – 

Z13 vibro 1.36 34.4 70 guided-hi-fix * ∙ ∙ ∙ 

Z14 vibro 1.36 16.1 .. 30.8 variable free-lo ⨯ ––– 

Z15 vibro 2.33 25.8 20 guided-lo-fix ⨯ ––– 

Z16 vibro 2.33 26.0 70 guided-lo-fix + –  – 
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6.2 Pile installation 

6.2.1 Evaluation scheme for pile installation processes 

In this section, soil installation processes are investigated. They are described by means of pile 

driving monitoring data over penetration depth. This is quite compact for impact driven piles 

but elaborate for vibratory driven piles. In the latter case, pile motions and the mobilisation of 

pile resistances are analysed in detail. Soil stress developments over penetration depth for 

different sensor levels as well as comparisons to corresponding pile driving parameters are 

used to examine influences of the installation process on the soil's stress state. 

6.2.2 Impact driven piles 

For the three impact driven piles Z03, Z04 and Z10, pile driving records showing blow count 

per 1 m pile penetration N100, total driving resistance per blow Rblow and energy per 1 m 

penetration W100 over pile penetration Lpen are given in Figure 6-1.  

 

Figure 6-1: Impact pile driving installation records 
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As mentioned in Section 5.7.2, the measured driving resistance has to be treated with caution 

due to the long duration of the impact compared to the short pile length. Pile Z04 shows very 

high blow counts at a penetration depth between 1.3 m and 2.0 m (actually up to 3,900 blows 

per meter pile penetration). During this test, a malfunction of the Diesel hammer occurred 

leading to blows with low energy and thus low penetration per blow in the mentioned 

penetration interval. The integral energy per 1 m penetration W100, however, shows good 

agreement for all tests with some deviations. 

To investigate the soil response to impact pile driving, the development of the measured 

horizontal stresses over pile penetration was evaluated. Figure 6-2 shows the development of 

radial soil stresses measured in a distance of about 20 cm to the pile shaft in different depths 

(cf. Figure 5-15).  

 

Figure 6-2: Soil stress developments due to installation of pile Z03 (impact driven) 

The left diagram shows the development of the absolute effective soil stresses over pile 

penetration. Stress measurements in different depths are drawn in different colours. The 

sensor locations are marked in the pictogram. The radial soil stresses increase as the pile toe 
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approaches the sensor level and decrease afterwards. The diagram in the middle shows the 

normalised soil stresses (divided by the overburden pressure with γ' = 11 kN/m³) versus 

distance between pile toe and sensor level as well as the corresponding curves according to the 

approaches of FISCHER (2021) (Fi, - -) and ALM & HAMRE (2002) (A&H, ⋅⋅⋅), which are described 

in Section 2.2.2. The right diagram shows measured soil stresses before pile installation 

(primary stress state, PSS, ○)andafterpileinstallation(endofdriving,EoD, □) as well as the 

theoretical horizontal stresses with an earth pressure coefficient k0 = 1 (γ'⋅z⋅k0, ― , the soil 

stresses due to pile installation effects according to FISCHER (2021) and ALM & HAMRE (2002) 

(see above) and an exponential fit (– ∙). 

The measured radial stresses before pile installation (PSS) show good agreement with the 

theoretical overburden pressure which indicates an earth pressure coefficient of k0 = 1. The 

reason for these high horizontal stresses is the soil compaction during filling of the test pits, as 

described in Section 5.6.2. 

The courses of the normalised soil stresses during approach of the pile toe and passing of the 

pile shaft is similar for all sensor levels. The peak height shows some deviations and in the 

upper soil elements the soil stresses eventually decrease to residual values below the primary 

stress state. Similar observations were made by FISCHER (2021) who argued that the 

compaction effects from the sand placement may be undone by the pile installation and thus 

the horizontal stresses are adjusted according to classical theory with k0 = 1 – sin(φ' .  he 

shape of the soil stress reduction after passing of the pile toe is similar to that formulated by 

FISCHER (2021). 

The horizontal stresses after pile installation (EoD) can also be approximated by the approach 

presented by FISCHER (2021). The measured horizontal stress at the deepest sensor presented 

in Figure 6-2 needs to be interpreted with caution. The sensor was buried below the pile's final 

penetration. Thus, the pile toe has not reached the sensor level. Looking at the grey line in the 

left diagram, the stress in this sensor level is supposed to increase with further driving progress. 

Looking at the normalised courses in the middle diagram, the maximum stresses according to 

the approach of FISCHER (2021) were reached when the pile toe approached the corresponding 

measuring sections. 

Looking at the other impact driven piles Z04 and Z10 (Appendix D), the general observations 

made at pile Z03 are valid as well. However, for the installation of pile Z10, the soil stress 
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development according to FISCHER (2021) fits less good to the measurements. The peak soil 

stresses are higher and the residual stresses do not fall below the primary stress state for all 

but the uppermost sensor level. 

6.2.3 Vibratory driven piles 

To get an impression about similarities and differences between installation procedures of the 

vibratory driven piles, Figure 6-3 shows vibratory driving records containing control and 

response parameters. Tests Z07, Z11, Z14 and Z15 are selected exemplarily for the different 

vibration variants. Installation records of all tests, grouped by installation variant, are given in 

Appendix D. From given installation frequency fd and eccentric moment Me, the centrifugal force 

Fc was calculated according to Equation (2-11). The measured displacement amplitude s0 and 

the acceleration amplitude aampl can be regarded as two of many system response parameters. 

The penetration speed vpen can be regarded as control parameter in case of crane-guided pile 

installation and as system response parameter in case of free vibratory driving; the bias force 

Fbias (= dead weight of the pile-vibro assembly Gpile+vibro – line pull Fline) vice versa. 

For the crane-guided installations of piles Z11 (red lines) and Z15 (magenta lines), the 

centrifugal force Fc is constant due to a constant vibration frequency fd and equal due to an 

appropriate adjustment of fd and Me (see Section 5.5). The penetration speed vpen is almost 

constant as the penetration speed is limited by the crane. The theoretical value of the 

displacement amplitude s0 is different for different eccentric moments (cf. Equation (2-13) and 

Table 5-7). The acceleration amplitude aampl shows a stable course as well. The bias force Fbias 

is also stable indicating that the portion of the dead weight Gpile+vibro carried by the soil 

resistance does not change. 

For the free installations of piles Z07 (cyan lines) and Z14 (blue line), the centrifugal force Fc 

increases with penetration as the driving frequency fd is increased. However, the penetration 

speed vpen decreases with pile penetration. The static surcharge force Fbias = Gpile+vibro is constant 

as line pull Fline is zero. For the vibro hammer with high eccentric moment (cyan lines) the 

development of the displacement amplitude s0, which theoretically should be unaffected by the 

driving frequency fd, shows large fluctuations and predominantly lower values than in case of 

the guided pile installations (magenta lines). In case of the vibro hammer with small eccentric 

moment, the displacement amplitudes of free vibratory driven pile (blue) is close to that of the 

crane-guided (red) installations. Theoretical values of the displacement amplitude s0 are 
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1.9 mm in case of the low eccentric moment (blue, red) and 3.9 mm in case of the high eccentric 

moment (cyan, magenta; see Table 5-7). The acceleration amplitude aampl shows high 

fluctuations compared to the crane-guided installations. 

 

Figure 6-3: Vibratory pile driving installation records 

A closer look at the force and motion signals reveals fundamental difference between different 

vibratory driven piles. For comparison of free and guided vibratory driven piles with high and 

low eccentric moment, piles Z02, Z07, Z11, Z14 and Z15 were chosen as exemplary tests for the 

following installation parameters: 
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Z02: free vibratory driving, high eccentric moment, moderate frequency control 

Z07: free vibratory driving, high eccentric moment, aggressive frequency control 

Z14: free vibratory driving, low eccentric moment 

Z15: crane-guided vibratory driving, high eccentric moment 

Z11: crane-guided vibratory driving, low eccentric moment 

Figure 6-4 and Figure 6-5 show time signals of pile displacement s and velocity v of the above-

mentioned tests for different penetration depths. Positive motion directs downwards and is 

visualised accordingly. In the displacement signals, dotted lines denote penetrative motion 

(v > 0 ∧ s > smax). Same scaling of the motion amplitudes was chosen for all tests. Three full 

vibration cycles were plotted regardless of the vibration frequency fd. 

 

Figure 6-4: Displacement signals of vibratory driven piles 

for different tests (columns) at different penetration depths (rows) 

The displacement signals show a much higher penetration speed (= general course of the 

displacement signal) of the free vibratory driven piles until a certain penetration depth. The 

low penetration speed of the crane-guided vibratory driven piles results in low amount of 

penetrative motion during one vibration cycle. A similar behaviour can be observed for the free 

vibratory driven piles at high penetration depth and for the free vibratory driven pile with 

moderate frequency control for medium and high penetration depth. 
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Figure 6-5: Velocity signals of vibratory driven piles 

for different tests (columns) at different penetration depths (rows) 

The velocity signals of free and guided vibratory driven piles differ in amplitude and shape. Free 

vibratory driven piles show lower velocity amplitudes and an asymmetry between downward 

and upward directed velocities while guided vibratory driven piles show more or less harmonic 

(sinusoidal) velocity signals. In case of the free vibratory driven piles, the upwards directed 

velocity shows a flat top with a lower absolute peak value compared to the downwards directed 

velocity with a more pronounced and higher peak. This qualitative difference can be quantified 

by a velocity asymmetry vmax/−vmin with vmax/−vmin ≈ 1 for guided pile installation and 

vmax/−vmin > 1 for free vibratory driving. 

Comparing the piles motions (both displacement and velocity) at different depth, the crane-

guided vibratory driven piles show very similar signals in shape and amplitude regardless of 

the pile penetration. The behaviour of the free vibratory driven piles, on the contrary, is affected 

by the penetration depth. Especially at high penetration depth, the motion amplitudes decrease 

even though the driving frequency and thus centrifugal force are steadily increased (cf. s0, fd 

and Fc in Figure 6-3). 
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Additionally, the force-motion relationship of the exemplary tests and penetration depths were 

analysed. Figure 6-6 shows the mobilised static pile resistance7 Rstat versus pile displacement s. 

Three full cycles are plotted for each test/depth; horizontal grid lines are spaced at 1 mm. On 

the right side of Figure 6-6, the idealised load-displacement behaviour of 'cavity' vibratory 

driving according to CUDMANI (2001) is shown (cf. Figure 2-9). 

 

 

Figure 6-6: Force-displacement signals of vibratory driven piles 

for different tests (columns) at different penetration depths (rows) 

The force-displacement curves of subsequent cycles of the guided vibratory driven piles Z11 

and Z15 are overlapping, resulting from the low penetration speed. Especially at deeper pile 

penetration, considerable negative (pulling) forces are mobilised during upward motion of the 

pile. This can be explained by downward directed shaft friction during upward directed motion. 

Taking this into consideration, the shape of the load-displacement curves resembles 'cavity' 

mode vibratory driving in the most cases. This classification is mainly based on the following 

conditions: 

                                                        

7 i.e. the measured force at the pile head Fstr,top, corrected for the dynamic influences: inertia force 

Fin = m∙a an   e   ity  e en ing  i e resistan e Rdamp. For the calculation of damping force, refer to 

Section 5.7.3. 
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− The mobilised (static) pile resistance shows an increase with downward directed pile 

motion, so the maximum soil resistance is probably not mobilised. 

− During initial upward pile motion, the pile resistance vanishes and upward motion 

continues with zero load, so a gap or 'cavity' underneath the pile toe can be assumed. 

Resonance effects on pile-soil system during vibratory driving 

The undamped axial eigenfrequency f0,inst of the vibro-pile-soil system during pile installation 

can be estimated by 

 f0,inst =
1

2π
∙ √Einst/mdyn (6-1) 

where mdyn is the dynamic mass of the system and Einst is the integral pile-soil interface stiffness 

of the pile shaft and pile toe. As the pile penetration and thus the total interface stiffness 

increases over the installation process, the eigenfrequency is not a fixed system parameter 

(MASSARSCH et al. 2022) but increases with pile penetration. This was also observed when 

determining the systems axial eigenfrequency at different penetration depths (see Appendix 

D). 

To investigate possible resonance effects during vibratory pile driving, the displacement 

amplitude s0 was looked at. Theoretical, the displacement amplitude yields s0,theor = Me/mdyn 

(Equation (2-13)). The actual displacement amplitude s0,msrd was taken from double integration 

of acceleration measurement (see section 5.7.3). The relation of the actual displacement 

amplitude to the theoretical displacement amplitude can be interpreted as amplification factor 

Λ = s0,msrd/s0,theor. According to MASSARSCH et al. (2022), a high displacement amplification 

indicates pile driving near system resonance. 

The following Figure 6-7 shows the influence of resonance effects on the vibratory installation 

process. The pile penetration speed vpen (left) and acceleration amplitude aampl (right) are 

plotted over the amplification factor Λ. Different markers and colours indicate different tests 

and vibratory driving variants (see Table 6-1). Each marker shows the mean values of the 

corresponding vibratory driving parameters over a penetration depth of 30 cm. 
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Figure 6-7: Influence of resonance effects on pile installation 

A clear positive linear influence of the amplification factor Λ on the penetration speed vpen can 

be seen in case of the free vibratory driven piles (cyan, blue). This is surprising as the pile 

penetration is expected to slow down near system resonance (MASSARSCH et al. 2022). In case 

of the crane-guided piles (magenta, red), the penetration speed is controlled by the crane and 

thus independent of resonance effects. The acceleration amplitude aampl increases with 

in reasing  is  a ement am  ifi ati n Λ.  ere, a s  the  rane gui e   ibrat ry  i es, whi h 

generally show higher acceleration amplitudes, do fit in the picture. 

6.2.4 Soil stress developments during pile installation 

Effects on the soil state are investigated based on soil stress measurements as described in 

Section 5.7.4. Figure 6-8 shows the development of soil stresses over pile penetration for four 

vibratory driven piles with different installation parameters. The impact driven pile Z03, which 

has been discussed in Section 6.2.1., is given as comparison. The plots for each test have the 

same arrangement as in Figure 6-2 (left). Plots of all tests are given in Appendix D. 

For test Z08 (free vibratory installation, high eccentric moment) an increase of the horizontal 

soil stresses as the pile toe approaches the sensor levels and a decrease of soil stresses as the 

pile shaft passes the sensor levels can be seen equal to test Z03 (impact driven). The installation 

of pile Z14 (free vibratory installation, low eccentric moment) shows very similar behaviour 

but with lower maximum soil stresses in the deeper sensor levels. During the installation of 

piles Z11 and Z15 (both crane-guided vibratory driven with different eccentric moments), no 

such behaviour can be observed. The horizontal soil stresses remain more or less stable as the 

pile toe approaches and passes the sensor levels. Only in the courses of the two uppermost 

sensor levels slight buckles can be seen. 
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Figure 6-8: Development of mean soil stresses over pile penetration 

Similar behaviour can be noted for the other installation processes with corresponding 

installation parameters (see Appendix D). Piles with free vibratory installation and high 

eccentric moment but lower driving frequency and penetration speed (Z01, Z02, Z05, Z06) 

show minor effects on soil stresses compared to the reference case Z08. Piles with crane-guided 

vibratory installation and higher (crane-controlled) penetration speed (Z13, Z16) show some 

effects in contrast to the reference cases (Z11, Z15), but very low effects compared to the free 

vibro driven piles. 

The soil stress state after pile installation (EoD, end of driving) is decisive for the lateral load 

bearing behaviour of the model pile, as will be shown in Section 6.3.2. The following Figure 6-9 

shows ra ia  effe ti e stresses σ'rad for all tests after pile installation (EoD). Measured values at 

the distinct sensor levels are given by markers. Exponential fits according to Equation (2-37), 

which is repeated below, have been deduced from the measured soil stresses and are drawn 

with coloured lines. Only measuring levels that were reached until final pile penetration were 

considered.  he   erbur en stress γ'∙  is gi en f r  rientati n. 
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Figure 6-9: Fit of horizontal effective soil stresses over depths after pile installation 

Table 6-2 gi es fitte   arameters αpen and 1/βPSS for the effective radial soil stress over depth 

after pile installation for the impact and free vibratory driven piles.  a ues  f 1/βPSS > 1 indicate 

an increase of soil stresses due to  i e insta  ati n;  a ues  f αpen ≫ 0 indicate an exponential 

decay of this effect with further pile penetration. Vibratory pile installations with values of 

αpen≪ 0 (see Appendix D) indicate that the approach according to Equation (2-37) is not 

suitable. 

For the impact driven piles and for the vibro driven piles with high eccentric moment, high 

frequency/penetration speed and no penetration guidance (free), an equal effect of soil stress 

 e e   ments   u   be m nit re . An in rease  f h ri  nta  stresses by a fa t r  f 1/βPSS ≈ 5 

at the  i e t e with an e   nentia   e ay  f αpen ≈ 1.6 towards the mudline, equal to the concept 

of friction fatigue, were encountered. The shape factor according to Equation (2-9) after FISCHER 

 σ′rad(Lpen, z) = σ
′
rad,PSS(z) ∙ [1 + (

1

βPSS
− 1) ∙ e−αpen∙(Lpen−z)] (6-2) 
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(2021) yie  s αpen = 4.2 – 1.4 ∙ D = 3.22 with density D = 0.70 which corresponds to Dr = 0.74. 

The shape factor according to Equation (2-8) after ALM & HAMRE (2002) yields8 αpen = 0.42. 

Table 6-2: Soil stress state after EoD 

test installation 
method 

group 
[Me-fd-vpen] 

αpen 
[-] 

1/βPSS 
[-] 

R² 
[-] 

line 
style 

Z03 impact -- 2.06 6.38 0.79 ––– 

Z04 impact -- 1.46 5.33 0.73 –  – 

Z07 vibro hi-hi-free 1.33 3.97 0.72 –  – 

Z08 vibro hi-hi-free 1.94 6.46 0.72 ∙ ∙ ∙ 

Z09 vibro hi-hi-free 1.39 6.41 0.81 – ∙ 
Z10 impact -- 1.31 7.68 0.76 ∙ ∙ ∙ 

Z14 vibro lo-hi-free 1.48 1.72 0.13 ––– 

FISCHER (2021) impact -- 3.22 6.25 -- –  – 

ALM & HAMRE (2002) impact -- 0.42 5.0 -- ∙ ∙ ∙ 
 

The extreme values of the soil stresses, however, uncover a significant difference between 

impact driven and free vibratory driving pile installation. Figure 6-10 shows the development 

of minimum and maximum effective radial soil stresses (shaded areas) around the mean 

effective horizontal soil stresses (thick lines) over penetration (cf. Figure 5-23) The curves are 

plotted for the same piles as in Figure 6-8. For the sake of clarity, only the sensor levels at 

z = 1.25 m and 2.05 m are shown here. The scaling of the soil stresses is different for impact and 

vibratory driven piles. The soil stresses due to impact driven pile installation (Z03) show high 

amplitudes of compression stresses (Δσ'rad ≫ 100 kN/m² in the deeper sensor location) in 

addition to the mean stress level. The soil stresses due to vibrators pile driving show a much 

smaller range (Δσ'rad < 50 kN/m²) around the mean effective radial soil stress. 

                                                        

8 The shape factor according to ALM & HAMRE is a function of the overburden pressure and the CPT cone 

resistance. With a more or less linear increase of both cone resistance and overburden pressure, the 

value stated above is calculated. 
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Figure 6-10: Development of soil stresses ranges over pile penetration 

 

6.2.5 Installation mode 

After observing different soil stress developments during impact and vibratory pile installation, 

the question arises which pile installation parameters exist to determine or even to control soil 

stress development. First of all, interrelations between the different soil stresses described 

above need to be investigated. The following Figure 6-11 visualises the definitions of imprinted 

soil stresses and soil stress amplitudes measured during vibratory pile driving (harmonic 

signal, left) and impact pile driving (transient signal, middle). In case of vibratory driving, mean 

values were of the signals are assumed to represent the imprinted soil stresses. In case of 

impact pile driving, there is little difference between mean values, median values and min 

values. Here, median values were assumed to represent the imprinted soil stresses. Imptinted 

soil stresses were calculated over a penetration depth of 30 cm (15 cm above and below sensor 

level) as depicted on the right side of Figure 6-11. The maximum values were taken over the 

complete pile installation, assuming that they represent the stress state when the pile toe 

reaches the sensor level (cf. Figure 6-8).  
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Figure 6-11: Definition of imprinted soil stresses and stress amplitudes during vibratory (left) 

and impact driving (middle) and penetration range for the calculation of mean values (right) 

Figure 6-12 shows combinations of radial stress am  itu es σ'rad,ampl and imprinted radial 

stresses σ'rad,impr. In the left diagram, absolute values are given, in the right diagram, values are 

n rma ise  by the   erbur en  ressure γ'∙ . Different markers an      urs in i ate  ifferent 

tests and vibratory driving variants (see Table 6-1). 

 

Figure 6-12: Comparison of soil stress amplitudes and imprinted soil stresses 

during pile installation 

Obviously higher dynamic stress amplitudes correlate with higher imprinted soil stresses; a 

 inear re ati n e ists between σ'rad,ampl an  σ'rad,impr. Highest soil stresses occur due to impact 

pile driving (green) whereas crane-guided vibratory driving (red, magenta) results in lowest 

soil stresses. The dimensionless diagram (right) shows that the relationship between stress 

amplitude and imprinted soil stress is not substantially biased by the general increase of stress 

state with depth. For further interpretations of the influence of pile driving parameters on 

radial stress state, the imprinted soil stresses are considered. 
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Regarding pile driving parameters, the focus was laid on pile motion (displacement, velocity, 

acceleration), pile forces and energy. Following the findings of VOGELSANG (2017), upwards and 

downwards directed motion and forces were treated separately. For definitions of the utilised 

motion, force, and energy quantities, refer to Section 5.7.3 and Figure 5-22. 

The following Figure 6-13 shows diagrams of the normalised imprinted radial soil stresses 

versus dimensionless measures of penetration per cycle (a), velocity symmetry (b), 

acceleration amplitude (c), bias force (d) and penetrative energy (e). In (a), the net penetrative 

displacement sset (set per cycle) is related to total downward directed displacement s↓. In (b), 

the max upwards directed velocity (− min) is related to the max downwards directed velocity 

(vmax). In (c), the acceleration amplitude aampl, is corrected for resonance effects by the 

amplificati n Λ and made dimensionless by earth gravity g. In (d), the bias force Fbias (dead 

weight minus line pull) is divided by the frequency-dependent centrifugal force Fc. In (e), the 

energy consumed during penetrative motion Wset is related to the total energy per cycle Wcycle. 

 

Figure 6-13: Influence of pile forces, energy, and motion 

on imprinted soil stresses at pile toe level 
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Where possible, installation processes with impact driven piles were also considered. All values 

were derived by taking the mean of the measurements taken while the pile toe was situated in 

a range of 15 cm above and below the sensor levels (= over a length of 30 cm). Colours and 

markers were chosen according to installation parameters and tests (see Table 6-1). 

The motion signals of crane-guided vibratory driven piles (cf. Figure 6-4, Figure 6-5) show very 

similar upwards and downwards directed motion amplitudes (displacement and velocity) thus 

sset/s↓ → 0 (cf. Figure 6-13 (a), reddish markers) and − min /vmax  → 1 (b). Free vibratory driving, 

in contrast, may be characterised by larger penetration per cycle and large downward directed 

velocity compared to upwards directed velocity, thus sset/s↓ ≫ 0 (cf. Figure 6-13 (a), blueish 

markers) and − min /vmax ≪ 1 (b). All these measures can also be deducted from the motion 

signals of impact driven piles. High values of sset/s↓ (cf. Figure 6-13 (a), green markers), for 

example, result from the relatively small upward motion (rebound) of the pile after hammer 

blows. Low velocity symmetry − min /vmax ≪ 1 (b) can also be seen in the pile's forces signal (cf. 

Figure 5-20,  ∙  with   nstant  i e im e an e   . 

− Figure 6-13 (a) shows a linear relation between normalised imprinted radial soil stress 

σ'rad,impr/(γ'∙   and pile penetration per cycle normalised by downward direction motion 

sset/s↓ which can be described by 

 
𝜎′𝑟𝑎𝑑
𝑚𝑒𝑎𝑛

𝛾′ ∙ 𝑧
= 5.1 ∙

𝑠𝑠𝑒𝑡
𝑠↓
+ 1.2 (6-3) 

− Figure 6-13 (b) also shows a negative correlation between imprinted soil stresses and 

velocity symmetry. 

− Figure 6-13 (c) shows that low acceleration amplitudes lead to high imprinted soil 

stresses. High acceleration amplitudes are dominant for the crane-guided vibratory 

driven piles. In this case, the amplifi ati n fa t r Λ is ne essary t    rre t the 

acceleration amplitude for resonance effects and get a good correlation to the imprinted 

soil stresses. 

− From Figure 6-13 (d) follows that high bias forces Fbias or low centrifugal forces Fc lead 

to high imprinted soil stresses. Small values for Fbias/Fc apply for crane-guided vibratory 

driven piles as the bias force is reduced by the line pull and the centrifugal force is 

comparably high over the whole installation process (cf. Figure 6-3). 
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− Figure 6-13 (d) shows that penetrative energy is also a driver for the occurrence of 

imprinted soil stresses. 

−  es nan e effe ts, e  resse  by the  is  a ement am  ifi ati n Λ (see ab  e   i  n t 

show any correlation with the induced soil stresses. The same applies for the upward 

directed displacement s↑. 

6.2.6 Interim summary and discussion on pile installation processes 

First of all, it has to be emphasised that vibratory pile installation processes are complex with 

a certain number of control parameters and an even larger number of system response 

parameters. Resonance effects have a great impact on pile motion (acceleration and 

displacement amplitude) and in case of free vibratory driving also determine the installation 

speed. 

Pile driving modes 

Crane-guided vibratory driven piles show harmonic pile motion (displacement and velocity) 

which is unaffected by the pile penetration. Free vibratory driven piles show 'asymmetric' 

motion and a decrease of motion amplitudes with higher penetration depth. The installation 

variants can be distinguished based on the set per cycle in relation to the downward directed 

pile motion sset/s↓ which can also be evaluated for impact driven piles. 

VOGELSANG (2017) distinguished pile driving modes based on the upwards and downwards 

motion during one cycle s↑ and s↓. The main reason for the distinction between 'cavity' and 'non-

cavity' installation was seen in the magnitude of upward motion (VOGELSANG 2017). For a 

comparison with the results presented here, the upwards directed motion is substituted by 

s↑ = s↓ − sset. In quasi-static model tests, 'cavity' mode was achieved with 

sset/s↓ = 6 mm/10 mm = 0.6 while a motion cycle with sset/s↓ = 4 mm/5 mm = 0.8 resulted in 

'non-cavity' mode. During vibratory pile installations carried out in the framework of this 

thesis, values of sset/s↓ in a much larger range between 0 and 1 were observed. Crane-guided 

vibratory driving resulted in values of sset/s↓ < 0.5, impact driving lead to sset/s↓ > 0.5 and during 

free vibratory driving the whole range 0 < sset/s↓ < 1 was covered. 

LABENSKI (2020) investigated predominantly vibratory driven piles where 'cavity' mode was 

detected. Even though the model was smaller compared to the one used here, substantial ratios 

such as the centrifugal force related to bias force Fc/Fbias and eccentric moment related to 
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dynamic mass Me/mdyn = s0 are in similar ranges. During crane-guided vibratory driving, 

LABENSKI (2020) observed a "higher degree of cavity"9 compared to free vibratory driven piles. 

This was explained by the free upward directed but restricted downward directed pile motion 

and thus large values of s↑ (VOGELSANG 2017, see above). Regarding the observed values of sset/s↓, 

the findings of LABENSKI (2020) concerning the effects of crane-guided vibratory driving on 

system response are in contradiction to the observations presented here. 

Furthermore, a distinction of installation modes can be made based on the amplitude of 

harmonic accelerations with high values for crane-guided vibratory driven piles and low values 

for free vibratory driven piles. As the acceleration signal of impact driven piles is transient, this 

installation method is related to zero harmonic acceleration. It is reasonable to assume that pile 

acceleration is linked to the acceleration of the surrounding soil. As illustrated by RODGER & 

LITTLEJOHN (1980), high acceleration leads to viscous soil behaviour while lower acceleration 

causes soil compaction (cf. Figure 2-8). Thus, the differences in vibratory pile driving modes of 

the free and crane-guided installed piles shown above probably resemble the concepts of 

'impact' and 'viscous' mode according to RODGER & LITTLEJOHN (1980). 

Soil reaction 

Generally, any dynamic pile installation procedure (impact/vibratory driving) results in stress 

wave propagation (MASSARSCH et al. 2017) which was proven here by the measurements of 

oscillating radial soil stresses for all installation procedures (see Figure 6-10).  An increase of 

imprinted (= mean or median) soil stresses was observed as the pile toe approaches a 

measuring level during impact pile driving and free vibratory pile driving, especially with high 

eccentric moment. Crane-guided vibratory pile driving did not cause enhanced stresses 

imprinted into the soil (Figure 6-8 and Figure 6-9). For impact driving, similar effects were 

shown in numerical simulations by STAUBACH et al. (2021). 

MASSARSCH et al. (2020) describe stress wave propagations and increased lateral soil stresses 

due to horizontal ground vibrations in rather loose to medium dense sand in the framework of 

vibratory soil compaction. Here, similar effects were observed due to predominantly vertical 

                                                        

9 LABENSKI use  the  arameter κ = s↑/(s↓−s↑  as measure f r  a ity  ri ing with   w κ  a ues in i ating 

a high  egree  f " a iti ity".  a ues  f κ ≈ 0.5 .. 2.5 in a  e th  f 2∙Dpile were observed. The relation 

between the  a ue κ an  the re ati n use  in this  hesis is sset/s↓ = 1/(κ 1 , s  

κ ≈ 0.5 .. 2.5 ↔ sset/s↓ ≈ 0.7 .. 0.3. 
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vibrations on dense, overconsolidated sand in the framework of pile driving. After passage of 

the pile toe, the enhanced soil stresses decayed in analogy to the concept of friction fatigue 

according to Equation (2-37): 

σ′rad(Lpen, z) = σ
′
rad,PSS(z) ∙ [1 + (

1

βPSS
− 1) ∙ eα∙(Lpen−z)] 

After reaching target penetration, this leads to increased soil stresses near the pile toe only. 

In field tests, pile installation effects on the soil state may be derived from CPTs conducted 

before and after pile driving. ACHMUS et al. (2020) present such data for impact and free 

vibratory driven piles in sand. All cases show a decrease of cone resistance due to the pile 

installation over the complete pile length. Unfortunately, only little information about CPT 

readings below final penetration depth was published.  

In the model tests, imprinted soil stresses and stress amplitudes measured during passage of 

the pile toe show a good correlation. The normalised imprinted soil stresses show a linear 

increase with the ratio of downward directed displacement s↓ and penetrative displacement sset 

(Equation (6-3)). The acceleration amplitude aampl, on the contrary, shows a negative 

correlation with the imprinted soil stresses. Resonance effects do not directly influence soil 

stress developments. 

Crane-guided vibratory driven piles are installed in 'viscous' mode and do not induce increased 

soil stresses whereas impact driven piles evoke imprinted soil stresses. Free vibratory driven 

piles may, under certain conditions, be installed in 'impact' mode and induce increased soil 

stresses comparable to impact driven piles. 

Soil mechanical interpretation of phenomena during pile installation 

The following paragraphs give a description of the assumed soil mechanical phenomena 

occurring during 'impact' and 'viscous' pile installation modes. The mentioned installation 

modes are illustrated in Figure 6-14. 

− A phase transition of the soil from granular to fluid behaviour ('fluidisation') in the 

vicinity of the pile wall is assumed during vibratory pile driving due to oscillating motion 

of the pile (cf. Section 2.2.3). Only oscillating pile motions with a continuous change of 

sign of the pile acceleration (as shown in Figure 5-22) leads to fluidisation! Impact pile 
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driving with very high acceleration amplitudes but transient motion signals will not 

evoke that effect. 

− The degree and extent of fluidisation depends on the amplitude of harmonic pile 

acceleration. Along the pile shaft, the extension of the 'vicinity' in radial direction is 

irrelevant. At the pile toe, the fluidised zone extents underneath the pile toe by the length 

bfluid (Figure 6-14). 

− In any case, the vertical oscillation of the pile with the amplitude s0 (see Figure 5-22) 

causes stress waves that are transferred from the fluidised zone to the granular zone. 

Stress waves propagate through the elastic half space of the granular zone of the soil.  

− If the oscillating pile stays within the fluidised zone (s0 < bfluid), the granular zone of the 

soil is not affected by the pile installation (except for the abovementioned stress-wave 

propagation; Figure 6-14, left). 

− If the pile toe leaves the fluidised zone during one vibration cycle (s0 > bfluid), the pile toe 

penetrates into the granular zone similar to impact driving, resulting in the mobilisation 

of quasi-static pile toe resistance and a compaction of the affected soil in a certain range 

(Figure 6-14, right). This also gives an explanation why s0 is more or less affected by 

different pile installations (Figure 6-3) and why velocity signals may become 

asymmetric (Figure 6-5): in case of 'impact' mode, the downward directed pile 

movement is hindered in the granular zone. The acceleration amplitude decreases at a 

certain pile penetration (Lpen > 1.5 m → aampl < 1 ∙g; Figure 6-3) and thus even a rather 

small displacement amplitude is sufficient to surpass the fluidised soil domain 

(bfluid < s0 < 2 mm). 

− The pile-soil system behaves equally due to single impacts (impact driving): no soil 

'fluidisation' occurs (bfluid = 0) as there is no opportunity for the soil underneath the pile 

toe to change its phase before pile penetration starts. After each impact (hammer blow), 

the soil recovers to its initial, granular phase. The arrangement of the grains, however, 

may be changed. 

− The pile-soil system behaves differently in case of 'viscous' mode: the pile is surrounded 

by a completely fluidised soil domain and oscillates harmonically (Figure 6-5). Due to 

high acceleration amplitudes (aampl > 1 ∙g; Figure 6-3), the extent of fluidisation 



Results of model tests 

- 122 - 

underneath the pile toe is greater than the displacement amplitude (bfluid ≥ s0; s0 ≈ 2 mm 

or 4 mm, depending of the eccentric moment). 

 

Figure 6-14: Supposed phenomena underneath the pile toe 

depending on pile installation mode 

According to this explanation, 'viscous' mode and 'impact' mode can be distinguished based on 

the acceleration amplitude aampl and the displacement amplitude s0 or set per cycle sset. The 

following Figure 6-15 shows all observations (cf. Figure 6-11) of vibratory pile installations in 

the plane aampl/Λ−sset. On the left side of the figure, each observation is indicated by the marker 

of the corresponding test (cf. Table 6-1). On the right side, the observations are coloured 

according to the magnification of imprinted radial soil stresses with respect to the theoretical 

overburden pressure 

 σrad
∗impr

=
σ′rad
impr

γ′ ∙ z
 (6-4) 

Blue markers indicate imprinted radial soil stresses in the same magnitude as the overburden 

pressure while red markers direct to radial soil stresses magnified by a factor of 6 or greater. 

Based on the soil stress magnification, observations can be assigned to 'viscous' or 'impact' 

vibratory driving modes. 

Treating the set per cycle sset and the amplification-adjusted acceleration amplitude aampl/Λ as 

predictor variables, the following effects on the radial soil stresses can be stated, which agree 

with the supposed phenomena visualised in Figure 6-14: 
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(A) larger acceleration amplitudes lead to lower imprinted soil stresses due to higher degree 

of pseudo-fluidisation 

(B) larger sets per cycle lead to higher imprinted soil stresses due to greater penetration 

into non-fluidised soil  

 

Figure 6-15: Observations of different tests (left) and resulting imprinted soil stresses (right) 

in the acceleration amplitude-displacement amplitude plane 

The explanation presented above is not compatible with the concept of cavity/non-cavity 

driven piles (DIERSSEN 1994; CUDMANI 2001; VOGELSANG 2017; LABENSKI 2020) but merely follows 

the concept of RODGER & LITTLEJOHN (1980). 

6.3 Monotonic lateral pile behaviour 

6.3.1 Evaluation procedure for monotonic pile behaviour 

To investigate the quasi-static lateral pile behaviour, the data of the first cycle of different 

phases of the cyclic lateral load tests was used. The first cycle of phase 1 represents an 

undisturbed system; phases 2 and 3 represent a preloaded system where inhomogeneities from 

test preparation but also installation effects may be reduced. Phase 4 represents a preloaded 

system with higher load amplitude. Developments of the pile or soil behaviour over the phases 

are addressed in Sections 6.4 and 6.5. 

σ* ≈ 1 
'viscous' 

'impact' 
σ* ≈ 6 

 

σ* ≈ 3 
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Concerning the load-displacement behaviour, measurements at the pile head were evaluated. 

For the dynamic stiffness, measurements of the bending mode eigenfrequency after pile 

installation and before start of the cyclic loading were also taken into account. Soil stress 

measurements at different load levels were evaluated to investigate the soil behaviour. 

6.3.2 Quasi-static load-deflection behaviour 

For the sake of comparability of the different tests with slightly different penetration depths 

Lpen [m], the pile head deflection u [m] (measure  at  i e hea   e e , a  r  . 1∙Dpile over 

mudline) and the lateral force H [kN] (acting on top of the transition piece) were transferred to 

dimensionless values 

 u∗ = u/Lpile (6-5) 

and 

 H∗ =
H

γ′ ∙ Dpile ∙ Lpen2
 (6-6) 

using the pile length Lpile [m], the s i  unit weight γ' [kN/m²], the pile diameter Dpile [m] and the 

embedment length Lpen [m] shown in Figure 6-16. 

 

Figure 6-16: System parameters for the lateral pile analysis  

The load-displacement behaviour of the first cycle was approximated by a power law of the 

type 
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 u∗ = uref
∗ ∙ H∗κ + uoffset

∗  (6-7) 

as proposed by HETTLER (1981). The factor u*ref [-] can be interpreted as the dimensionless 

displacement due to a reference load of H*ref = 1, the exponent κ [-] determines the curvature 

of the function, and u*offset [-] is the displacement offset. Figure 6-17 shows the load-

displacement behaviour of the impact driven pile Z03, the free vibratory driven pile Z07 and 

the crane-guided vibratory driven pile Z12. Measurement data is plotted by coloured markers, 

power fits according to Equation (6-7) are shown as coloured lines. Good fits can be found for 

both loading and unloading phase. 

 

Figure 6-17: Exemplary plot of load-displacement measurements (coloured markers) 

and power fit (coloured lines) 

For the loading phase starting with H* = 0 the displacement offset is set to u*offset = 0. At the end 

of the first unloading phase, the horizontal force H* does not go back to zero. The fitted data can 

be used to estimate the permanent deformation of the system at H* = 0, expressed by 

u*perm = u*offset > 0. 
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Referring to the exemplary load-displacement curves in Figure 6-17 it is obvious that, especially 

at higher load level, the crane-guided vibratory driven pile Z12 behaves softer and shows higher 

permanent displacements than the free vibratory driven pile Z07 and the impact driven pile 

Z03. 

As described in Section 6.1, the piles were grouped according to the installation parameters 

(hammer type, crane-guidance). Figure 6-18 shows fitted load-displacement functions of the 

first loading phase for each test in the test groups (coloured lines) together with mean fits for 

the corresponding groups (black lines) and a comparison of the mean fits of all groups (bottom 

left, coloured lines). 

 

Figure 6-18: Load-displacement behaviour of tests (phase 1, cycle 1) 

grouped by installation parameters 

The groups show different deviations. While the load-displacement curves of the crane-guided 

vibratory driven piles are very similar, those of the free vibratory driven piles with the high 

eccentric moment have certain differences. This may be because, in case of crane-guided 

installation, the driving frequency (and thus the centrifugal force) was set prior to the start of 

the pile penetration and remained constant afterwards. In case of the free vibratory pile driving, 
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on the contrary, the driving frequency was increased manually as the pile penetrated into the 

soil, resulting in certain deviations of the system dynamics over penetration depth and between 

the different tests (see Section 6.2.3). The result of the pile installed by free vibratory driving 

with low eccentric moment has to be treated with caution as only one test with this 

configuration (Z14) was carried out and minor variations may result in similar differences as 

produced by the free vibratory pile installation with the high eccentric moment (Z07, Z08, Z09). 

At high load level, the impact driven piles and the free vibratory driven pile with low eccentric 

moment (Z14) show the least pile head displacement while the crane-guided vibratory driven 

piles show the highest pile head displacement. Table 6-3 shows fitting parameters to describe 

the lateral load-displacement behaviour of the model pile due to different installation 

procedures. For each group, mean values of all tests from that group were taken for each 

parameter. Detailed results of each test are given in 0. 

Table 6-3: Fitted parameters for load-displacement curves (test groups, CLLT, phase 1, cycle 1) 

 loading unloading 

group 
u*ref 

[10-3] 
κ 

[-] 
u*ref 

[10-3] 
κ 

[-] 
u*perm 

[-] 

impact 2.49 1.22 1.32 0.67 0.15 

vibro (free-hi-aggr) 2.75 1.29 1.41 0.71 0.16 

vibro (free-lo) 2.59 1.29 1.40 0.73 0.11 

vibro (guided-hi-fix) 3.02 1.38 1.34 0.68 0.18 

vibro (guided-lo-fix) 3.14 1.36 1.42 0.68 0.20 

 

Plotting the power law parameters u*ref over κ for all tests shows that the parameters have a 

linear relationship and are grouped for the different installation methods. Figure 6-19 shows 

parameter combinations for single tests and also the mean fitting parameters of each group. 

Different colours indicate different installation parameters and different markers distinguish 

the unique tests (cf. Table 6-1). Circles (o) are used to indicate the mean values of the test 

groups. Tests Z01 and Z02 are not included as they were identified as outliers. 
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Figure 6-19: Fitted parameters for load-displacement curves 

(all tests and test groups, CLLT, phase 1, cycle 1) 

The load-displacement behaviour of impact driven piles can be described by lower values for 

the function u*ref an   ur ature κ   m are  t   rane-guided vibratory driven piles. The 

parameters of free vibratory driven piles lie in between with notable deviations in case of the 

vibratory hammer with high eccentric moment (free-hi) and only one test with the low 

eccentric moment (free-lo). For test phases 1 to 3 of the cyclic lateral load tests, a linear 

relationship between u*ref an  κ   u   be f un . Sti  , the ten en y  f   w u*ref an  κ  a ues f r 

the impact driven piles and free vibratory driven piles remains but the differences between 

vibratory driven piles are blurring. Data of other phases is given in 0. 

Over the loading phases, the variation of the tests regarding initial stiffness and displacement 

at maximum load level declines. This can also be visualised by means of histogram plots of the 

 arameters κ an  u*ref, as shown in Figure 6-20. The distributions of the parameters get 

narrower from phase to phase. 
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Figure 6-20: Variation of fitting parameters for monotonic loading 

6.3.3 Dynamic stiffness of pile-soil system after pile installation 

The bending mode eigenfrequency of the pile-soil system f0,lat was determined at several 

instances of the different tests in two directions (0°, 90°). To estimate the eigenfrequency of the 

undisturbed system, the measurements taken directly after pile installation (end of driving, 

EoD) were assessed. Ranges of the measured frequencies are shown in Figure 6-21. 

The results show median values of the eigenfrequencies of each group (◆) from 19.5 Hz to 

20.8 Hz or a range of 1.3 Hz. The different measurements taken at one pile (different directions) 

show similar variations, some were even bigger. Thus, the measured eigenfrequency seems not 

to be a reliable indicator to evaluate installation effects in the model tests. 
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Figure 6-21: Measured bending mode eigenfrequencies 

after pile installation (EoD) and before lateral loading (N=0) 

6.3.4 Soil reaction due to quasi-static pile loading 

To analyse the bedding reaction to lateral pile loading, the effective horizontal soil stresses 

were evaluated. Measurements are available for different discrete depths z, distances from the 

pile axis r and angles θ (cf. Figure 5-17, left). Here, measurements in a distance of r = 0.5 m to 

the pile axis or 0.2 m from the pile wall and in depths from z ≈ 0.45 m (which was the 

uppermost sensor layer) to z ≈ 2.45 m (which already is about 0.05 m below the pile toe) are 

shown. The soil stresses measured in loading direction are labelled 'downwind', soil stresses 

measured on the opposite side of the pile are labelled 'upwind'. The difference between the two 

measurements is the 'resultant' soil stress. Soil reaction during first cycle's loading phase 

Figure 6-22 shows the effective radial soil stresses σ'rad over depth z for different load levels H 

during the first cycle of the phase 1 of test Z03 (impact driven). Darker lines indicate higher 

loads with a load interval of 2 kN between two lines. On the left-hand side and in the middle, 

the stresses in upwind and downwind direction are plotted, on the right the resultant 

(= downwind – upwind) is shown. Generally, the absolute soil stresses in both upwind and 

downwind direction grow towards the pile toe which is a result from the pile installation 

process (cf. Section 6.2).  
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Figure 6-22: Soil stress development over first loading phase  

With increasing lateral load, higher soil stresses develop on the downwind side in depth above 

approx. 1.65 m as the pile is pushed against the soil. Below approx. 2.05 m, soil stresses are 

reduced on the downwind side as the soil is unloaded. Thus, a rotation point can be expected 

somewhere around z ≈ 1.85 m. The exact depth cannot be given due to the resolution of the 

discrete measuring points. On the upwind side, only minor soil stress changes occur. The soil is 

unloaded in the upper soil layers and loaded below the rotation point. A similar behaviour was 

observed at all piles. 0 sh ws the   rres  n ing gra hs  f Δσ'(   t  illustrate the soil stress 

changes due to cyclic lateral loading rather than the absolute values.  

Looking at the soil stresses in downwind direction above the rotation point, soil stresses 

increase more or less steadily, indicated by equally spaced iso-load lines. Yielding of the soil 

cannot be discovered, as this would not allow further mobilisation of soil reaction and thus an 

increase of horizontal stresses. 

This interpretation needs to be examined  more closely as the boundary conditions of the test 

pit may impede failure. To disprove this, the failure mechanism according to classic earth 

pressre theory is used: According to REESE et al. (1974), the ultimate bedding resistance in 
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shallow depth is described by spatial passive earth pressure. At failure, a wedge is formed with 

the s   e 45  φ'/2. With the geometries of model pile and test pit and a soil friction angle of 

φ' = 40° this leads to a depth of z ≤ 0.79 m unto which possible soil failure is unaffected by the 

boundaries of the test pit, as can be seen in Figure 6-23. Thus, the uppermost sensor level in the 

vicinity of the pile (z ≈ 0.45 m, r ≈ 0.2 m) is unaffected while in the next sensor level (z ≈ 0.85 m) 

a possible soil failure may be impeded by the pit walls. However, the (theoretical) failure load 

ppy,ult increases with depth z and the issue addressed above should not arise in deeper soil 

layers. 

 

Figure 6-23: Influence of boundary on failure mechanism and soil stress measurements 

With an increase of soil stresses of about 50 kN/m² at maximum load, the soil reaction due to 

lateral loading can be considered moderate compared to the soil stress developments during 

pile installation (cf. Figure 6-10 and Figure 6-12) with effective soil stress amplitudes of 

Δσ'rad ≈ 100 .. 200 kN/m² for impact driven pi es an  Δσ'rad ≈ 50 .. 100 kN/m² for free vibratory 

driven piles. 

Imprinted soil stresses after first cycle 

To investigate the soil behaviour due to unloading of the pile, soil stress profiles in upwind 

direction, downwind direction, and resultant (from left to right) at low (H = 1 kN), medium 

(H = 7 kN) and high (H = 14 kN) load levels of both loading (solid lines) and unloading (dashed 

lines) phase of the first cycle were investigated. The following Figure 6-24 shows exemplary 

soil stress profiles from phase 1 of test Z03 (impact driven). 
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Figure 6-24: Soil stress development during first loading and unloading cycle 

In deeper soil layers (z > 1 m), especially in downwind direction, the soil stresses do not return 

to the initial values when the pile is unloaded. Instead, higher stresses are imprinted into the 

soil. This can be seen by the light-grey and grey (H = 1..7 kN), dashed (unloading) lines in the 

right diagram (resultant) showing higher soil stresses compared to the corresponding solid 

(loading) lines between z = 1 m and z = 2 m. These imprinted soil stresses are the result of the 

first loading/unloading cycle and describe the stress state for the subsequent cycle(s) (see 

Section 6.4.4). 

6.3.5 Interim summary and discussion on monotonic lateral pile behaviour 

The quasi-static load-deflection behaviour at the pile head can be described by a power law of 

the type u*(H*) = u*ref ∙ H*κ + u*offset for both loading and unloading phases. For the loading 

phase, the different installation variants can be distinguished based on the parameters u*ref and 

κ. Impact driven piles show least pile head displacement at maximum load level, followed by 

free vibratory driven piles. Crane-guided vibratory driven piles show the highest pile head 

displacement at maximum load level. This generally confirms the numerical simulations of 
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(STAUBACH et al. 2021) which show an increase of lateral pile stiffness due to impact driving 

compared with wished-in-place (WIP) piles.  

Evidently, the lateral bearing behaviour is linked to the pile installation effect and the imprinted 

radial soil stresses. Increased soil stresses lead to increased soil stiffness and thus increased 

lateral bedding stiffness. As pile installation effects on soil stresses decay with pile penetration 

('friction fatigue'), the differences in the soil's stress state will eventually be manifested near 

the pile toe. Thus, the pile installation effect observed due to impact and free vibratory pile 

driving will affect the lateral pile behaviour especially if a toe kick occurs. This applies to short 

piles with high flexural stiffness, e.g. monopiles. 

LABENSKI (2020) investigated the static pile behaviour of vibratory driven piles at a load level of 

about H* ≤ 2.5 while the maximum load levels during the tests presented here was limited to 

about H* ≤ 0.5 (according to the definition of H* given in Equation (6-6)). According to LABENSKI 

(2020) the lateral stiffness correlates with the ratio sset/s↓ which is reduced by limited 

penetration speed, and correlates inversely with the ratio Fbias/Fc, which is reduced by the line 

pull in case of crane-guided vibratory driving. In case of guided vibratory pile driving, the model 

tests carried out by LABENSKI (2020) revealed much higher static lateral bedding stiffnesses 

compared to free vibratory driving. These findings are partly in contradiction to the 

observations made during the model tests presented in this thesis: Here, pile installation effects 

and thus increased bedding stiffness were observed for large values of sset/s↓ and high values 

of Fbias/Fc. (cf. Figure 6-13). Crane-guided vibratory driven piles showed a considerably lower 

pile head stiffness (cf. Figure 6-18). This agrees with MASSARSCH et al. (2022), who state that a 

line pull at the end of vibratory pile installation may have a negative effect on the soil stiffness 

below the pile toe. 

The dynamic response of the pile-soil system shows a certain scatter. The measured 

reproducibility of the system response seems to be below possible influences of increased soil 

stresses on the dynamic pile bedding stiffness (= small strain stiffness). This may be explained 

by the marginal pile deflections at the pile toe occurring during dynamic excitation. The pile's 

eigenfrequency is mainly driven by the soil characteristics and state at shallow depth.  
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6.4 Cyclic lateral pile behaviour due to unidirectional loading 

6.4.1 Evaluation procedure for cyclic pile behaviour 

Regarding cyclic behaviour, two topics are of main interest for monopile design: Accumulations 

of pile head displacement or inclination for serviceability and the change of the foundation 

stiffness for fatigue calculations. The following Figure 6-25 shows exemplary pile head 

behaviour due to cycles N = 1; 10; 100; 1,000 and 10,000. The measured loading/unloading-

displacement loops are drawn by lines and the lateral pile head secant stiffness Elat was 

calculated between load levels of kN and 5 kN (○). 

 

Figure 6-25: Hysteresis loops of loading-unloading cycles 

A notable portion of permanent displacement can be seen in the first cycle which drastically 

decreases with cycle count but still contributes to displacement accumulation. The secant 

stiffness declines with number of load cycles. Both phenomena will be further analysed in the 

following sections.  

6.4.2 Pile head displacement accumulation 

As described in Section 2.3.7, different approaches exist to describe cyclic strain (or 

displacement) accumulation. Accumulation function of the form fN = u(N)/u(N=1) describe the 

accumulated displacement in relation to the displacement during or after the first cycle 

(= monotonic behaviour). This may be useful when comparing tests of different geometries or 

in different soils. In case of different installation methods, the quasi-static (monotonic) 

behaviour showed differences as shown in Section 6.3. So, the use of an accumulation function 

as defined above may be misleading as information about the absolute value of displacement 
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accumulation is lost. Still, the accumulation function can be used to describe the shape of the 

accumulation behaviour (log, log-linear, power law). 

The course of absolute displacement (e.g. permanent displacement uperm) is biased by an offset 

(displacement of the first cycle) and thus is also not suitable to analyse accumulation behaviour. 

Instead, the convention of the HCA model shall be used to analyse the accumulation behaviour 

due to cyclic lateral loading: The first 'irregular' cycle is ignored and the strain accumulation is 

described during the subsequent 'regular' cycles only. The course of the accumulated 

displacement (after the first, 'irregular' cycle) uacc can be made dimensionless by divison by the 

pile length Lpile [m]: 

 he resu ting in  inati n  an be inter rete  as shear strain γ [-] (see Figure 6-26): 

 

Figure 6-26: Fictional shear strain γ  ue t  pi e hea   isp a e ent u 

A measure of 'fictional' strain was calculated for the accumulated displacement uacc and the 

displacement amplitude uampl. For the definition of cycle count and strain quantities, refer to 

Figure 2-15 (Section 2.3.7). 

The formulation of the HCA model (NIEMUNIS et al. 2005) f r the a  umu ate  strain γacc is given 

by multiplication of the flow rule m with the amplitude function fampl, the stress state function 

fp, the stress ratio function fY, the void ratio function fe, the polarisation function fπ and the cycle 

function fN.  

u

 
  
i 
e

 

 γ = u∗ = u/Lpile (6-8) 
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 γacc(Nreg) = m ∙ fampl ∙ fp ∙ fY ∙ fe ∙ fπ ∙ fN (6-9) 

or 

 
γacc(Nreg) = m ∙ fampl ∙ fp ∙ fY ∙ fe ∙ fπ ∙ CN1

∙ [ln(CN2 ∙ (Nreg) + 1) + CN3 ∙ Nreg] 
(6-10) 

The given formulation for fN is only valid for constant loading amplitudes. From Equation (6-

10) follows that the shape of the accumulation curve is determined by the constants of the cycle 

function CN2 and CN3 while the constant CN1 as well as all other functions are needed for scaling 

purpose only, as long as they are not updated during cyclic loading. The possibility to update 

the amplitude function and the void ratio function of the HCA model is mentioned by (NIEMUNIS 

et al. 2005), but (WICHTMANN & TRIANTAFYLLIDIS 2011) report that mean values of strain 

amplitude and void ratio are used to calculate fampl and fe for calibration of the model.  

As shown above, the displacement accumulation is linked to the displacement amplitude. In 

analogy to the HCA model of (NIEMUNIS et al. 2005), this effect shall be considered by the 

amplitude function fampl. Fr m the mean  a ue  f the fi ti na  shear strain am  itu e γampl,mean, 

the amplitude function fampl [-] was calculated by 

 fampl = (
γampl,mean

γref
)
Campl

 (6-11) 

with the referen e strain γref = 10-4 and the constant Campl = 1.7 taken from (WICHTMANN & 

TRIANTAFYLLIDIS 2011). 

Figure 6-27 shows the resulting courses (fitted to the measurements; see below) of the 

accumulated strain γacc during test phase 1, corrected by the amplitude function fampl. 

Again, notable deviation can be observed for the free vibratory driven piles with high eccentric 

moment (cyan). The accumulated strain after the first 'irregular' cycles shows clear differences 

between impact driven and free vibratory driven piles on the one hand and crane-guided 

vibratory driven piles on the other hand. The observation that the free vibratory driven pile 

with low eccentric moment (test Z14, blue) shows the least accumulated strain has to be treated 

with caution as only one test is available with this installation variant. Crane-guided vibratory 

driven piles show the highest accumulated strain. The 'order' of the amount of accumulation 

regarding installation method is less pronounced for the subsequent phases (see Appendix F). 
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Figure 6-27: Fitted strain accumulation for HCA model 

Influences of the first cycle's (permanent) strain are not considered in the HCA model by 

definition. Influences of the strain amplitude have been considered by the amplitude function 

fampl, but seem to be limited (see below). Further influences on the accumulation behaviour may 

be considered by the stress state function fp, the loading ratio function fY, the void ratio function 

fe and the polarisation function fπ. As these functions are unknown (even though fπ = 1 can be 

assumed as polarisation changes do not occur during the first loading phase), they were 

included into a 'biased' accumulation parameter 

 ĈN1 = m ∙ fp ∙ fY ∙ fe ∙ fπ ∙ CN1 (6-12) 

which will be used for further analysis. 

The accumulation curves presented above show fits between the measured strain 

accumulation, corrected by the amplitude function, and the modified accumulation function 

 γacc(Nreg)/fampl = ĈN1 ∙ [ln(CN2 ∙ (Nreg) + 1) + CN3 ∙ Nreg] (6-13) 
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Fits were performed in Matlab (MathWorks 2020). Good agreement could be achieved by 

treating the parameters CN2 = 0.65 and CN3 = 10-4 as soil constants, leading to the following 

values for ĈN1 for phase 1 of the CLLT, plotted over the first cycle's permanent fictional strain 

γpern,N=1 = uperm,N=1/Lpile: 

 

Figure 6-28: Biased cyclic accumulation parameter ĈN1 (with CN2 = 0.65, CN3 = 10-4) 

vs. first cycle permanent strain uperm,N=1/Lpile for tests and test groups 

Figure 6-28 shows a linear correlation between the biased cyclic accumulation parameter ĈN1 

and the permanent fictional strain of the first cycle uperm,N=1/Lpile. Lower combinations of both 

parameters can be observed for impact driven and free vibratory driven piles with 'aggressive' 

penetration control while higher values apply for crane-guided vibratory driven piles and free 

vibratory driven piles with a more moderate frequency control. 

The variance in accumulation behaviour of the free vibratory driven piles can be seen in the 

following Figure 6-29. All free vibratory driven piles with high eccentric moment (cyan) are 

shown, together with the impact driven pile Z04 (green) and the crane-guided vibratory driven 

pile Z12 (red). The installation of the free vibratory driven piles shown here differ only in the 

manual frequency control (cf. Sections 6.1 and 6.2.3). 
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Figure 6-29: Fitted strain accumulation for free vibratory driven piles 

The accumulation behaviour of the free vibratory driven piles is spread over the whole range 

between the abovementioned 'boundary values'. Free vibratory driven piles with a more 

'aggressive' frequency control (thick lines: Z07, Z08, Z09) show lower strain accumulation 

compared to those with a more 'moderate' frequency control (thin lines: Z01, Z02, Z05 Z06). 

Further test phases 2, 3 and 5 gave also good agreement between measured accumulation and 

Equation (6-10) with the same constants CN2 = 0.65 and CN3 = 10-4. The resulting biased 

constants ĈN1 are given in Table 6-4 as mean values for the groups of tests with same 

installation method. Parameters for all tests are given in Appendix F. 

Table 6-4: Mean fitted 'biased' accumulation parameter for HCA model accumulation law 

(test groups, CLLT, phases 1, 2 and 3) 

group 
ĈN1 [10-6] 

* for phase 5 only a limited number 

of tests was available 

phase 1 phase 2 phase 3 

impact 12.2 11.9 8.9 

vibro (free-hi-aggr) 13.0 15.9 10.0 

vibro (free-lo) 11.1 15.0 9.0 

vibro (guided-hi-fix) 16.5 16.5 11.9 

vibro (guided-lo-fix) 18.5 22.9 13.1 
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Phases 1 and 2 show similar or increasing accumulation behaviour. Phase 3 always shows the 

lowest accumulation behaviour. These results indicate that phases 1, 2 and 3 can be regarded 

as independent concerning cyclic pre-loading. Different accumulation behaviour results in 

different scaling only, which can be explained by changes of the void ratio or stress state. The 

loading history, however, is erased by the changing loading direction (cf. Section 6.5). 

For phase 4, the accumulation behaviour showed a different shape and less good agreement 

was found for parameters CN2 = 0.65 and CN3 = 10-4. Better agreements were found using 

different cyclic parameters CN2 and CN3. However, this violates the HCA model assumptions 

according to which CN2 and CN3 are soil constants. As a different horizontal force was applied 

(namely H = 5..20 kN in phase 4 in contrast to H = 1..15 kN in phases 1, 2 and 3), the flow rule 

m and the functions fY and fp will probably change. This, however, will only result in different 

scaling of the accumulation curve and not change its shape. Since the cyclic loading during 

phase 4 was conducted in the same direction as during phase 3, a pre-loaded system may be 

assumed. On the other hand. (WICHTMANN 2016) found out that due to an increase of the average 

load level (equal to monotonic loading), the 'cyclic memory' of the soil may be partly or fully 

erased. In case of the transition from phase 3 to phase 4, the average load level is raised from 

Hav = 8 kN to 12.5 kN. Due to the first ('irregular') cycle of phase 4, effects of the cyclic 

preloading during phase 3 on the behaviour during phase 4 may be partly or fully removed.  

 

Figure 6-30: Ranges of mean strain a p itu e γampl,mean  
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15 2  25 3  35 

u
 erm,N 1

/ 
 i e

[1   ]

25 

3  

u
am

 
 ,m

ea
n
/ 

 
i 
e[1

 
  

]

 i ti na  strain           hase  

  1
  2
  3
  4
  5
   
  7
  8
   
 1 
 11
 12
 13
 14
 15
 1 



Results of model tests 

- 142 - 

Figure 6-30 sh ws the   mbinati ns  f γampl,mean = uampl,mean/Lpile (used to normalise the strain 

a  umu ati n in the   A m  e   an  γperm,N=1 = uperm,N=1/Lpile (used to normalise the 

a  umu ati n in '  assi a ' a  umu ati n fun ti ns  f r a   tests.  he range  f γampl,mean is quite 

sma   in   m aris n t  that  f γperm,N=1. Thus, in this case, the influence of the amplitude function 

on the strain accumulation is merely a scaling issue. 

6.4.3 Cyclic pile stiffness 

Development of quasi-static lateral secant stiffness during cyclic loading  

From the lateral force H [kN] and the pile head displacement u [mm] measured during cyclic 

lateral loading, the lateral pile head stiffness Elat [kN/mm] can be calculated as 

 Elat = ΔH/Δu (6-14) 

The secant stiffness between minimum and maximum load is defined as shown in Figure 2-19 

and was evaluated for both loading and unloading of each cycle. As the maximum and minimum 

  a , an  theref re the   a   ifferen e Δ , were ke t   nstant by the   a ing  e i e, the se ant 

stiffness Elat is directly proportional to the displacement amplitude uampl = Δu/2. 

The following Figure 6-31 shows exemplary plots of the development of secant stiffness over 

cycles for tests Z03, phase 2 and Z15, phase 1. The coloured lines show measured secant 

stiffness where the upper lines indicate unloading stiffness while the lower ones indicate 

loading stiffness. The curves show some fluctuations which can be explained by small 

magnitu e  f Δu (in the regi n  f 2 mm) which is influenced by the resolution of the 

measurement devices. In case of the measurement of the accumulated displacement this effect 

does not play an important role. 

The behaviour of the first loading cycle differs greatly from the further cycles. The unloading 

stiffness decreases during the first cycles. For cycle numbers N > 20, loading and unloading 

stiffness converge. For 'regular' cycles (N ≥ 2), the loading stiffness shows a linear course in 

half-logarithmic scale. 
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Figure 6-31: Development of measured lateral pile head secant stiffness during cyclic loading 

Figure 6-32 shows an overview of the pile head secant stiffness of the loading cycles for all tests 

and test groups in the familiar manner. 

 

Figure 6-32: Development of pile head secant loading stiffness over cycle count 
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Most important to notice is a severe increase in pile head stiffness of 26% to 41% (mean value 

34%) due to the first cycle and another 19% to 33% (mean 25%) due to the subsequent 12,000 

cycles. 

Figure 6-33 shows the course of the secant stiffness of the unloading cycles for different test 

groups. The curves are smoothed for better readability; the qualitative shape is similar for all 

tests. 

 

Figure 6-33: Development of pile head secant unloading stiffness over cycle count 

Impact driven piles show the highest mean courses of both loading and unloading stiffness, but 

also a large variation between the tests (Z03, Z04, Z10). Crane-guided vibratory driven piles 

show the lowest secant stiffness and a very good reproducibility. 

Development if dynamic stiffness during cyclic loading 

During the tests Z07, Z10 and Z15, lateral frequency response tests were carried out before 

start of the cyclic lateral loading (N = 0), after N = 1; 10; 100 and 1,000 cycles and after the end 

of each cyclic loading phase (N = 12,000). Figure 6-34 shows the development of the 

eigenfrequencies f0,lat [Hz] measured in loading direction after the above-mentioned cycle 
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counts in relation to the eigenfrequencies measured before lateral loading (N = 0). Higher 

eigenfrequencies indicate a stiffer system.  

 

Figure 6-34: Development of lateral pile eigenfrequency during cyclic loading 

For all three tests, a softening of the system can be observed due to the first loading/unloading 

cycle as f0,lat(N=1)/f0,lat(N=0) < 1. The stiffness recovers after about 100 cycles and after end of 

cyclic loading the eigenfrequency reaches about 102% to 106% of the initial value. Based on 

only three tests with different pile installation procedures, a discussion of the course of f0,lat 

over N seems not well founded. 

For a comparison of the dynamic stiffness with the cyclic secant stiffness, the measured 

stiffnesses of tests Z07, Z10 and Z15 were used. It has to be taken into account that each loading 

cycle has a considerable impact on the soil behaviour for following unloading and loading 

cycles, especially during the first cycles (cf. Figure 6-31). The lateral frequency response test, 

on the other hand, can be considered as non-destructive testing method with very little 

influence on the soil behaviour. This has two implications: 

− Relative stiffnesses from (non-destructive) eigenfrequency measurements should be 

compared to relative secant stiffnesses of the preceding unloading cycle. 

− No static (secant) stiffness is available for N = 0, thus all measurements have to be 

related to the respective measurements of the first cycle N = 1. 
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The following Figure 6-35 show the outlined comparison of quasi-static and dynamic pile 

stiffness. 

 

Figure 6-35: Comparison of measured pile head unloading secant stiffness (lines) 

and measured eigenfrequency (markers) over cyclic loading 

In general, a similar behaviour can be observed from both dynamic and static stiffness. A 

quantitative match between the two measures for the pile stiffness, however, is not obvious. 

One reason for the quantitative differences may be the fact that the (quasi-)static lateral 

stiffness was deducted from measurements at the pile head (approx. 60 cm above mudline) 

while the dynamic stiffness (pile eigenfrequency) was measured at the top of the transition 

piece. The stiffness of the transition piece itself (which is not affected by cyclic loading) 

influences the dynamic stiffness but not the (quasi-)static stiffness. Thus, the dynamic stiffness 

shows less influence of cyclic effects compared to the quasi-static stiffness. 

6.4.4 Soil reaction to cyclic pile loading 

Soil stress developments due to cyclic loading 

To investigate the soil stress development during cyclic loading, the changes of effective radial 

soil stresses (compared to the effective radial stress after pile installation, N = 0) are plotted for 

an increasing number of cycles. Figure 6-36 shows exemplary results from pile Z05. Different 
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diagrams show soil stress developments in upwind direction, downwind direction and for 

stress resultants (from left to right). Soil stress profiles for maximum lateral load level (solid 

lines) and after subsequent unloading (dashed lies) are plotted for N = 1; 10; 100; 1,000 and 

10,000 cycles (with growing darkness).  

 

Figure 6-36: Upwind, downwind and resultant soil stress profiles 

at maximum and minimum load level for different number of cycles 

The behaviour of the soil can be roughly divided into three layers: 

1) Shallow depth (z < 1 m) 

In downwind direction, soil resistance is mobilised due to lateral loading. Soil stresses 

go back to initial values after unloading. Soil stresses remain stable during cyclic 

loading. 

In upwind direction, soil stresses stay at initial values during loading (when the pile is 

pulled away from the soil) and increase during unloading (as the pile moves towards 

the soil). With increasing number of cycles, soil stresses accumulate in upwind 

direction. 
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2) Intermediate depth (1 m < z < 1.8 m) 

In downwind direction, soil stresses grow due to lateral loading. Increased radial 

stresses remain imprinted in the soil after unloading. Thus, stresses grow due to cyclic 

loading. The stress amplitude (difference between maximum stresses during loading 

and minimum stresses after unloading) decreases with depth and becomes zeros 

around z ≈ 1.8 m where the point of zero deflection can be assumed. 

In upwind direction, only minor changes of soil stresses can be witnessed. 

3) Toe kick (z > 1.8 m) 

Below the assumed point of zero deflection, the 'toe kick' leads to stress reductions in 

downwind direction during loading. Absolute values of soil stress reduction grow with 

number of cycles and the soil stresses during unloading 'follow' this trend.  

In upwind direction, an increase of soil stresses with number of cycles was measured 

by the two lowermost sensor levels. Higher stresses during loading partly remain 

imprinted in the soil after unloading. 

Figure 6-37 shows a detailed analysis of the development of soil stresses over displacement 

cycles. The changes of radial effective soil stresses with respect to the stress state after pile 

installation (EoD, end of driving)  

 Δσrad
′ = σrad

′ − σrad,EoD
′  (6-15) 

divided by the overburden pressure γ'∙  at different sensors locations is given over the pile head 

displacement in loading direction u0° (not the local pile displacement at measurement level!). 

 he  iagrams are arrange  a   r ing t  the sens r    ati n ( eft/right: u win /  wnwin  θ; 

vertical: depth z). Exemplary data of the first phase of the cyclic lateral load test of pile Z07 was 

used. Single cycles are drawn with increasing darkness according to the cycle number. The start 

(▷)andend(◁)ofeach drawn cycle is labelled by markers. 

For all sensor layers, but especially those at intermediate depth and those below the rotation 

point, it has to be kept in mind that the actual pile displacement in the respective depth is 

smaller than the pile head displacement at the measurement level (≈ 0.6 m above mudline). The 

normalisation of the soil stress changes allows a comparison of the different sensor layers. 

Obviously, highest amplitudes of normalised stresses can be observed at shallow depths. 
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Figure 6-37: Development of soil stresses over displacement cycles 
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(a) For the sensor at shallow depth in upwind direction, the soil stress does not change 

when the pile is pulled away from the soil during the first loading cycle but increases 

as the pile is allowed to move towards the sensor again during the first unloading 

cycle. During subsequent loading cycles, the soil stress decreases towards the initial 

values (Δσ'rad/(γ'⋅z) ≈ 0) and increase towards continuously growing values during 

unloading. The shape of the soil stresses over pile head deflection becomes steeper 

with increasing cycle number. 

(b) In downwind direction, soil stresses increase to similar values during each loading 

cycle and decrease below the initial values (Δσ'rad/(γ'⋅z) < 0) during unloading. The 

shape of the soil stresses over pile head deflection is approximately parallel except 

for the first loading cycle. 

(a, b) At the sensor levels in shallow depth, the soil stress change over pile head 

displacement shows a loop-like shape, indicating a hysteretic behaviour and plastic 

behaviour (ratcheting) due to cyclic effects. 

(e, f) Due to the toe kick, as expected, sensors below the rotation point show an increase 

of soil stresses in upwind direction (e) and a decrease of soil stresses in downwind 

direction (f) during loading cycles and vice versa during unloading cycles. 

(c - f) At the sensor levels in and below intermediate depth, the changes in soil stresses 

over pile head displacement move on a more or less straight line during subsequent 

loading and unloading cycles (red dashed lines). This indicates linear elastic 

behaviour of the soil in the emerging stress range. Deviations from the linear-elastic 

behaviour can be observed in downwind direction at intermediate depth (d) and in 

upwind direction below the rotation point (e), indicating ratcheting behaviour. 

The soil behaviour in shallow and intermediate depth can be explained by the model drawn in 

Figure 6-38: 
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Figure 6-38: Soil reaction during loading (top) and unloading period (bottom) 

1) Shallow depth (z < 1 m) 

In upwind direction, a 'gap' is formed during loading and material is transported into 

that gap. In downwind direction, passive earth pressure is mobilised. During unloading, 

the passive earth pressure pushes the pile back towards its original position. The 

additional material in the upwind direction is compacted, acts as a shifted support and 

evokes increased radial soil stresses. The pile deflection during unloading is large 

enough to relieve the passive earth pressure. 

2) Intermediate depth (1 m < z < 1.8 m) 

No 'gap' is formed between pile and soil in upwind direction during loading. In 

downwind direction, bedding resistance is mobilised during loading. During unloading, 

the soil reaction 'pushes' the pile back towards its original position. The pile deflection 
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during unloading is not large enough to fully relieve the soil reaction, so increased radial 

stresses remain imprinted in the soil in downwind direction. Likewise, in upwind 

direction, soil stresses decrease during loading and partly recover due to partly back 

movement of the pile. 

3) Toe kick (z > 1.8 m) 

The mechanisms below the rotation point are the same as at intermediate depth, but 

with opposite sign: The pile deflections are small and the soil behaves elastic. Stress 

accumulations during cyclic loading are merely an effect of accumulated pile deflections. 

Effects on soil density 

Caused by the recurrent processes of soil compaction and soil movement towards the pile, the 

soil around the pile is densified and soil volume is reduced. Even though soil deformations were 

not measured directly, observations of the mudline around the pile (cf. Figure 5-19) reveal such 

developments. The following Figure 6-39 shows exemplary plots of the depth of soil subsidence 

Δ 0 observed around the pile, measured directly at the pile shaft after phase 1 of different tests. 

Cones with depths of 2 cm to 4 cm with a more or less uniform expansion around the pile 

circumference were detected. 

 

Figure 6-39: Exemplary plots of soil subsidence around model after cyclic loading phase 1 
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As outlined by (CUÉLLAR 2011), the change of volume given by the mudline subsidence indicates 

a change of soil density along the pile (cf. Figure 2-18). As the measurements of mudline were 

quite inaccurate and limited to the depth of the subsidence at the pile wall, a quantification of 

soil compaction similar to the above cited work was not carried out here.  

6.4.5 Interim summary and discussion on cyclic lateral pile behaviour 

The displacement accumulation of laterally loaded piles can be described by the HCA model on 

system level. The HCA model reveals accumulation behaviour unbiased by the monotonic 

behaviour of the first, 'irregular' cycle. Especially the shape of the displacement accumulation 

during test phases 1, 2, 3 and 5 shows good agreement with the log-linear formulation of the 

HCA model. These test phases have a load level of H = 1 .. 15 kN and can be considered 

independent of their preceding phases due to change in loading direction. The shape of the 

displacement accumulation during test phase 4 can be better described by a power law. This 

test phase has a higher load level of H = 5 .. 20 kN and can be considered preloaded by the 

preceding phase 3 which is loaded in the same direction. 

The installation variants can be distinguished based on the 'biased' accumulation parameter 

ĈN1 (accumulation intensity). Impact driven and free vibratory driven piles show lower 

displacement accumulation compared to the crane-guided vibratory driven piles. This is partly 

in contradiction with numerical simulations of (STAUBACH et al. 2021) which showed lower 

accumulation rates of impact driven piles compared to WIP (unaffected by any installation 

processes) piles in dense sand.  

The pile head secant stiffness due to cyclic loading shows a linear increase with the logarithm 

of the 'regular' cycles. The monotonic stiffness of the first, 'irregular' cycle is considerably lower 

than that of the subsequent cycles. The unloading stiffness is larger than the loading stiffness 

during the first cycles and later approximates the loading stiffness. The dynamic stiffness shows 

a similar development based on a limited number of measurements. 

Due to first loading/unloading cycle, soil stresses are imprinted to the soil, especially at shallow 

and intermediate depth above the rotation point (z < 1.8 m). Further increase of soil stresses is 

observed due to cyclic loading together with a densification of the soil around the pile, revealed 

by a cone of subsidence at the mudline. At shallow depth, high normalised soil stresses induce 

strain ratcheting and stress accumulation. At and below intermediate depth, comparably low 
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normalised soil stresses occur and the soil behaves elastically with the unloading path following 

the loading path back. 

On the influence of the soil's stress state on the accumulation behaviour 

Following the HCA model and treating CN1 as a soil constant (as CN2 and CN3), the different 

accumulation behaviour of the piles has to be explained by differences in stress state (fp), 

loading ratio (fY) or void ratio (fe). Larger values of the beforementioned functions indicate a 

greater amount of accumulation. Details on the HCA model and the definition of its different 

functions can be found in (NIEMUNIS et al. 2005; WICHTMANN & TRIANTAFYLLIDIS 2011; WICHTMANN 

2016). A description of the functions and estimated parameters used in this thesis is given in 

Appendix G. From the functional formulation of fp and fY it is evident that the strain 

accumulation  

− decreases with increasing average mean stress pav, and 

− increases with increasing average stress ratio qav/pav. 

To quantify the possible effect of the installation-induced stress changes on the cyclic 

accumulation, the functions fp and fY were calculated for two scenarios. Figure 6-40 (left) gives 

the mean pressure p for the primary stress state (PSS, dashed line) and considering an 

installation effect according to Equation (2-37) (INST, solid line). For the primary stress state, 

the effe ti e ra ia  stress σ'rad can be treated as mean effective pressure p as the dynamic 

compaction during sand placement leads to k0 ≈ 1 (cf. Section 5.6.2). In case of the stress state 

after pile installation, however, the soil stress profile according to Equation (2-37) is only 

validated for the radial stresses acting on the pile. Therefore, the mean value of the overburden 

pressure γ'∙  an  σ'rad according to Equation (2-37) with α = -1.  an  1/βPSS = 5 was taken for 

p. 

Figure 6-40 (middle) shows the resulting course of fp over depth for the primary stress state 

and the stress state with installation effect. The function of the HCA model considering the 

average mean stress yields 

 fp = exp [−Cp ∙ (
pav
pref

− 1)] (6-16) 

with the atmospheric pressure pref = 100 kPa and 
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 Cp = 0.41 ∙ [1 − 0.34 ∙ (d50 − 0.6)] = 0.44 (6-17) 

based on a mean grain size of d50 = 0.39 mm (cf. Table 5-4). The greatest deviation of fp is of 

course observed at the pile toe where values for fp are 1.40 for the primary stress state and 1.12 

for the installation effected stress state. The mean values are 1.49 and 1.42, respectively. 

 

Figure 6-40: Stresses p an q (left), functions fp (middle) and fY (right) over depth 

for PSS conditions (dashed lines) and due to pile installation effect (solid lines) 

Likewise, values for the loading ratio function fY were estimated for the two scenarios. The 

function of the HCA model considering the average stress ratio 

 fY = exp[CY ∙ Y̅] (6-18) 

with 

 CY = 2.60 ∙ [1 + 0.12 ∙ ln (
d50
0.6
)] = 2.47 (6-19) 

is somewhat less simple with 

 
Y̅ =

Y − 9

Yc − 9
 

(6-20) 

 Y =
27 ∙ (3 + ηav)

(3 + 2ηav)(3 − ηav)
 (6-21) 

 ηav = qav/pav (6-22) 
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 Yc =
9 − sin2φc
1 − sin2φc

 (6-23) 

with φc = 32,2° (cf. Section 5.4.3). The focus was set on the toe kick as here the differences in 

the stress state p are most obvious. For the average deviatoric stress qav, the measured stress 

difference at the two lowermost sens r  e e s at a erage   a   e e  Δσ'rad,av ≈ 15 kN/m² (cf. 

Figure 6-36, left) was taken. From the stress ratio qav/pav the stress ratio function fY was 

calculated. Figure 6-40 (right) shows the resulting course of fY in the region of the toe kick and 

the mean values of 1.83 for the primary stress state and 1.12 with consideration of installation 

effects. 

Thus, smaller values of fp and fY due to imprinted soil stresses as a result of pile installation 

effects explain the lesser accumulation of pile head displacements of the impact driven and free 

vibratory driven piles compared to the crane-guided vibratory driven piles. 

6.5 Cyclic lateral pile behaviour due to changing loading direction 

6.5.1 Pile head behaviour due to changing loading direction 

As described before, the direction of lateral loading was altered by 90° back and forth between 

phases with 12,000 cycles each. Displacement accumulations and changes in lateral stiffness in 

loading direction were discussed in section 6.4. Apart from that, a back-accumulation due to 

subsequent transverse loading was observed. This phenomenon as well as changes in the 

system's stiffness in different directions shall be discussed here. 

Back-accumulation 

Back-accumulation can be visualised in a comprehensive manner by tracking the pile head 

displacement in the horizontal plane. The following Figure 6-41 shows the trace of the pile head 

of test Z09. Each symbol represents the pile head displacement in directions 0° and 90° after 

N = 0; 1; 10; 100; 1,000 and 10,000 cycles of phases 1 to 5, starting with N = 0 of phase 1 at the 

origin (u0 = u90 = 0 mm). The arrows at the markers representing N = 0 indicate the loading 

direction during the individual phases.  
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○ phase 1 H = 1 .. 15 kN 

○ phase 2 H = 1 .. 15 kN 

△ phase 3 H = 1 .. 15 kN 

○ phase 4 H = 5 .. 20 kN 

△ phase 5 H = 1 .. 15 kN 
 

Figure 6-41: Exemplary track of pile head displacement in horizontal plane 

during cyclic lateral loading from varying directions 

Similar behaviour occurred in all tests whose traces are given in Appendix F. 

(i) During phase 1, pile head displacements accumulate in loading direction (0°). 

Similar spacings between markers point towards approximately logarithmic 

accumulation law (see also Figure 6-42; detailed analysis in Section 6.4.2). During 

phase 2, displacements accumulate in loading direction (90°) again with very similar 

rate. 

(ii) Simultaneously, considerable back-accumulation in transverse direction (0°) can be 

witnessed which eats up about one half of the accumulated displacements from 

phase 1 until the end of phase 2. Similar behaviour takes place during phase 3 

regarding the accumulated displacements from phase 2. The rate of the back-

accumulation (spacing transverse to loading direction) again shows an 

approximately logarithmic course with number of cycles, as can also be seen in 

Figure 6-42 

(iii) Furthermore, the displacement accumulation (in loading direction) during phase 3 

is somewhat slower compared to phase 1 (both 0°, blue). The same applies for 

phases 5 and 2 (both 90°, red). 
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(iv) Due to (ii) and (iii), the total accumulated displacement accumulation at the end of 

phases 3 and 5 is only slightly greater than at the end of phases 1 and 2, respectively.  

(v) The behaviour in connection with phase 4 (cyan) needs to be examined separately 

as there is no change of loading direction between phases 3 and 4 and the mean load 

level of phase 4 is larger than that of the other phases. In phase 4, there is less back-

accumulation, possibly because a great portion of the accumulated displacements 

from phase 2 has already been depleted during phase 3. The back-accumulation 

during phase 5 should be compared to the sum of displacement accumulation from 

preceding phases 3 and 4 (both 0°). Here again, almost half of the accumulated 

displacements were eaten up. 

Table 6-5 gives the portion of permanent back-accumulation u⊥,perm during phases 2 to 5 

referred to the accumulated permanent displacements u∥,perm from preceding phases(s) with 

transverse loading direction for all tests. For phase 5, the accumulated displacements from 

phases 3 and 4 are used as reference, as described above. Except for phase 4 (where the amount 

of back-accumulation is probably limited due to the preceding phase 3 with same loading 

direction), the portion of back accumulation lies between 30% and 50% in all tests. 

In analogy to the accumulation function of the HCA model, a function with the same 

mathematical structure can be used to describe the back-accumulation. The amplitude function 

fampl to scale the back-accumulation was determined based on the mean displacement 

amplitude in loading direction. For the back-accumulation as well, the cyclic parameters 

CN2 = 0.65 and CN3 = 10-4 were found suitable to fit the measurement data. Figure 6-42 shows 

exemplary plots of the accumulation in loading direction (u∥) and the back-accumulation in 

transverse direction (u⊥) during phase 2 of tests Z03, Z09 and Z11. 
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Table 6-5: Portion of back-accumulation due to transverse loading 

Test Phase 2 Phase 3 Phase 4 Phase 5 

 θH = 90° θH = 0° θH = 0° θH = 90° 

 

 u⊥per ,i

u∥per ,i  
 

[-] 

 u⊥per ,i

u∥per ,i  
 

[-] 

 u⊥per ,i

u∥per ,i  
 

[-] 

 u⊥per ,i

u∥per ,i  +u∥per ,i  
 

[-] 

Z01 48% 38% 5% 47% 

Z02 47% 35% 6%  

Z03 45% 40% 10% 49% 

Z04 33% 34% -2% 48% 

Z05 35% 33% 4%  

Z06 34% 33% 2% 42% 

Z07 44% 33% 5%  

Z08 43% 34% 4%  

Z09 51% 37% 5% 48% 

Z10 45% 51% 11%  

Z11 39% 30% 6%  

Z12 47% 33% 5% 44% 

Z13 43% 31% 6%  

Z14 45% 39% 8%  

Z15 36% 31% 3% 42% 

Z16 49% 42% 9% 45% 

mean 43% 36% 5% 46% 
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Figure 6-42: Displacement accumulation in loading direction 

and back-accumulation in transverse direction 

 he biase   arameter ĈN1 consequently depends on the corresponding accumulation 

parameter of the preceding phase and has a negative sign. Figure 6-43 shows back 

a  umu ati n  arameters ĈN1,⊥ of phase 3 versus a  umu ati n  arameters ĈN1,∥ of preceding 

phase 2 of all tests. 

 

Figure 6-43: Comparison of back-accumulation parameters 

to accumulation parameters of preceding phase 
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Parameters are grouped in the shown plane according to the installation method. The 

a  umu ati n  arameter ĈN1,∥ has a larger span than the back-accumulation parameter ĈN1,⊥ but 

still a slight linear trend between both parameters can be suspected. 

A detailed view on the load-displacement behaviour on individual cycle level is shown in Figure 

6-44 for phases 2 (θH = 90°, left) and phase 3 (θH = 0°, right) of test Z08. The upper diagrams 

show the familiar hysteresis loops while the lower diagrams show the pile head movement in 

the horizontal plane (= top view). u∥ indicates the pile head displacement in direction of the 

applied lateral force H while u⊥ specifies transverse displacement. Only a limited number of 

cycles with logarithmic spacing was plotted for the sake of clarity. 

  

Figure 6-44: Hysteresis loops (top) and pile head movement on cycle level (bottom) 

The bottom diagrams show how the pile head moves in transverse direction u⊥ as it is deflected 

in loading direction u∥. A permanent displacement in both directions (u∥ and u⊥) between cycle 

start and end is only visible in the very first cycles. The first cycle shows a somewhat different 

behaviour in phases 2 and 3. In phase 2, the main part of the transverse displacement u⊥ occurs 

during loading period (as the pile is pulled into loading direction) without further transverse 

displacement during unloading. In phase 3, approximately the same amount of transverse 
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displacement takes place during loading and unloading periods. A similar behaviour could be 

witnessed in most tests. In phase 4, no clear curves of transverse movement can be generated 

as the amount of back-accumulation is very low (cf. Table 6-5). Phase 5 behaved similar to 

phase 2 in most cases. 

Change in lateral pile head stiffness 

The pile head secant stiffness deducted from load and displacement measurements gives 

limited information on the influence of transverse loading as lateral force was only applied in 

loading direction. However, the secant stiffness at the beginning of a cyclic loading phase can 

be compared to the secant stiffness at the end of a preceding phase with the same loading 

direction. The following Figure 6-45 shows the secant stiffnesses of all tests over all phases, 

divided into loading directions of 0° (top) and 90° (bottom). The loading secant stiffness is used 

and the first 'irregular' cycle of each phase is not shown as its behaviour differs significantly 

from the further cycles (cf. Figure 6-31 in Section 6.4.3). For each phase, cycle counts are scaled 

logarithmically. 

 

Figure 6-45: Loading cycle secant stiffnesses of all tests over all phases 

for 0° (top) and 90° (bottom) loading direction 
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 he inf uen e  f trans erse   a ing in  ire ti n  f θH = 90° on pile head secant stiffness in 

direction of 0° becomes visible between phases 1 and 3. The secant stiffness in the direction of 

0° decreases from the end of phase 1 to the beginning of phase 3 (top diagram) while the secant 

stiffness in the direction of 90° (bottom diagram) steadily increases during phase 2. A contrary 

development can be seen during phases 3 and 4. 

Better insight into that phenomenon can be gained from the pile's bending mode 

eigenfrequency which was determined before and after each cyclic loading phase in two 

directions (0°, 90°; in and transverse to lateral loading) by default. Figure 6-46 shows the pile's 

bending mode eigenfrequency measured in the direction of 90° after each loading phase for 

selected tests. Values were normalised by the corresponding value after pile installation and 

before the first loading phase (N=0). 

 

Figure 6-46: Development of pile's bending mode eigenfrequency over loading phases 

measured in direction of 90° 

The first loading phase 1 (loading direction 0°) has limited influence on the pile eigenfrequency 

in transverse direction (90°) as f0,lat/f0,lat,N=0 ≈ 1 with some eigenfrequencies lying above and 

others below the value before cyclic loading. Due to cyclic loading in phase 2 (90°), 

eigenfrequency in loading direction increases and decreases again due to transverse loading in 

subsequent phase 3. In phase 4 (loading direction still 0° and transverse to shown 

eigenfrequency measurements) the eigenfrequency increases again. For phase 5 (loading 

direction and eigenfrequency measurement aligned in 90°) most of the tests (except for Z11) 
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show a further increase of the pile's bending mode eigenfrequency. Similar courses can be seen 

for all tests and opposite trends for measurements taken in 0°. Related figures grouped by 

installation method and measurement direction are given in Appendix F. 

A close look on the development of the dynamic stiffness is possible for tests Z07, Z10 and Z15. 

As mentioned before, the pile's dynamic stiffness was assessed after N = 1; 10; 100; 1,000 and 

12,000 cycles during these tests (cf. Figure 6-34). Figure 6-47 shows the development of the 

measured eigenfrequency in (top) and transverse to loading direction (bottom) for different 

test phases. All measurements were normalised by measured eigenfrequency before start of 

the corresponding phase (N = 0). 

LFRT (loading direction) 

 

LFRT (transverse direction) 

 

Figure 6-47: Development of pile's bending mode eigenfrequency during cyclic loading 

in loading direction (top) and in transverse direction (bottom) 
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In loading direction, the eigenfrequency decreases during the first cycle(s) (f0,lat(N)/f0,lat(N) < 1) 

and then increases. In transverse direction, the eigenfrequency also decreases during the first 

cycle(s) but then stays more or less constant (in contrast to the behaviour in loading direction). 

It is remarkable that the decrease of the pile's eigenfrequency transverse to the loading 

direction can also be observed at the 'undisturbed' system in phase 1. Together with the 

following constant course, this indicates that the development of the pile's eigenfrequency 

transverse to loading direction may not be linked to the back-accumulation. During phase 2 of 

tests Z07 and Z10 (thin lines), no steady decrease of the eigenfrequency over number of cycles 

can be witnessed as might be expected in analogy to the back-accumulation behaviour. The 

dynamic stiffness seems to be 'reset' by the monotonic loading of the first, 'irregular' cycle. 

6.5.2 Soil reaction due to changing loading direction 

Regarding the possible implications of increased soil stresses near the pile on lateral pile 

behaviour, it is of great interest whether these imprinted stresses remain due to multiple 

phases of cyclic lateral loading from changing directions. To address this question, soil stresses 

measured before (pre) and after (post) each loading phase where analysed. Figure 6-48 shows 

measure  effe ti e ra ia  stresses σ'rad   er  e th   in the main   a ing  ire ti n θ = 0° (right) 

and in opposite direction 180° (left). Different colours denote different phases where blueish 

lines indicate the main   a ing  ire ti n  f θH = 0° (aligned with the soil stresses in focus) while 

reddish lines signify the minor loading direction θH = 90°. Dashed lines show radial stresses 

before cyclic loading in the corresponding phase (pre) whereas solid lines indicate the stress 

state at the end of the phase (post). For instance, the dashed blue line (phase 1, pre) specifies 

the soil stresses before cyclic loading. The black dotted line gives the theoretical overburden 

stress γ'∙  f r  rientati n. Tests Z03 (impact driven) and Z12 (crane-guided vibratory driven) 

where chosen as exemplary cases because they show a very different stress state after pile 

driving due to the installation effects described in Section 6.2.  
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Figure 6-48: Soil stress developments due to changing loading directions 
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The course of the soil stresses at the beginning of one phase is almost identical to that at the 

end of the preceding phase in all cases (e.g. red dashed line and blue solid line). This was 

expected since there is no serious action on the pile between the loading phases. Execution of 

the lateral frequency response test (LFRT, cf. Section 5.7.7) including manual detachment and 

attachment of the loading mechanism and dynamic excitation with the impact hammer 

obviously did not have a severe impact on the soil's stress state. It is also remarkable that the 

radial soil stresses measured after phases 1 and 3 (solid blue and light blue lines) are almost 

identical. The same applies for phases 2 and 5 (solid red and light red lines). 

   king at the b ueish s  i   ines (  st  y  i    a ing in  ire ti n  f θH = 0°) reveals an 

increase of soil stresses on the load-fa ing si e (θ = 0°, right) in a depth of about z = 0.8 m to 

1.8 m and a decrease on the opposite side. At the uppermost sensor level (z = 0.4 m) a severe 

increase of soil stresses in the unloading direction can be witnessed, as discussed in Section 

6.4.3. These changes in soil stresses are more or less erased or at least diminished due to 

transverse loading, as can be seen by the solid reddish lines (post cyclic loading in direction of 

θH = 90°). The described behaviour applies for both tests shown in Figure 6-48 (Z03 and Z12) 

and all other tests (see Appendix F). 

Near the pile toe, a certain decrease of soil stresses  an be  bser e  in the  ire ti n  f θ = 0° 

where the soil is unloaded by the toe kick (cf. Section 6.4.3). Further relaxation occurs during 

transverse loading but a considerable portion of the imprinted soil stresses due to pile 

installation effects remains. Impact driven and free vibratory driven piles still show radial 

stresses in depth of z ≈ 2.0 .. 2.5 m (σ'rad ≈ 50 .. 100 kN/m²) way above the theoretical 

overburden pressure (γ'∙  ≈ 20 .. 25 kN/m²). 

Having in mind the steady back-accumulation of the pile head displacement due to transverse 

cyclic loading and the more abrupt change of the eigenfrequency due to transverse monotonic 

loading, the question arises when the recovery of soil stresses takes place. Therefore, soil stress 

profiles in upwind and downwind direction of the preceding test phase are evaluated. The 

following Figure 6-49 shows the effective radial soil stresses measured during the first cycle of 

phase 5 of test Z04 in upwind and downwind direction of the preceding phase 4 and the 

corresponding resultant (= downwind – upwind). Soil stress profiles are plotted for load levels 

of H = 1; 7 and 14 kN (with increasing darkness) for loading period (solid lines) and unloading 

period (dashed lines) of the first cycle. 
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Figure 6-49: Soil stress development during first loading and unloading cycle 

in loading direction of preceding test phase 

Only marginal changes in the soil stress profiles due to the first cycle in transverse direction to 

the stress measurements can be seen. Some decrease of the stress resultant in shallow and 

intermediate depth is visible, occurring mainly during loading period. 

In analogy to the soil stress development during the first cycle shown above, Figure 6-50 shows 

the effective radial soil stresses measured during cyclic loading of phase 5 of test Z04 in upwind 

and downwind direction of the preceding phase 4 and the corresponding resultant. Soil stress 

profiles are plotted for cycles N = 1; 10; 100; 1,000 and 10,000 (with increasing darkness) for 

maximum (solid lines) and minimum load level (dashed lines). 

Soil stress relaxations can be observed at shallow depth in upwind direction of the preceding 

test phase and at intermediate depth in downwind direction of the preceding phase. Stresses 

grow at intermediate depth in upwind direction. Stress redistribution proceeds steadily over 

cyclic loading but the rate (with logarithm of cycle count; indicated by the distance between the 

stress profiles) decreases with the logarithm of cycles. 
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Figure 6-50: Soil stress development during cyclic loading 

in loading direction of preceding test phase 

To give a deeper insight into the effect of transverse loading, soil stresses in different depths 

are plotted over transverse displacement cycles in analogy to Figure 6-37. Exemplary, data of 

phase 2 of the cyclic lateral load test of pile Z09 is shown in Figure 6-51. Soil stresses were 

analysed in direction of loading of the preceding phase 1, thus the soil elements looked at are 

subject to shearing during the loading phase in focus. The changes of radial effective stresses 

Δσ'rad are taken with respect to the initial values before the start of phase 1 (after pile 

installation). Consequently, the recovery of imprinted soil stresses (cf. Section 6.4.4) of a pre-

loaded system is inspected here. The changes of soil stresses Δσ'rad are divided by the 

overburden pressure γ'∙  at  ifferent sens rs    ati ns. The pile head deflection u90° (again not 

local pile deflection at sensor level!) used in the below diagrams is the displacement in direction 

of loading during phase 2 and therefore transverse to the location and orientation of the 

considered stress transducers in the soil. The start (▷)andend(◁)ofthecyclesislabelledby

markers. 
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Figure 6-51: Recovery of soil stresses over transverse displacement cycles 

Especially in upwind direction of the preceding phase at shallow depth (a) and at intermediate 

depth (c, d), a severe recovery of radial soil stresses towards the initial values (Δσ'rad →     an 

be observed. These are the regions with highest changes of soil stresses during phase 1 (see 
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Figure 6-48). In contrast to phase 1 (see Figure 6-37), also in intermediate and deep depths 

ratcheting can be witnessed.  

6.5.3 Interim summary and discussion on the influence of changing loading direction 

Cyclic lateral loading in transverse direction to preceding phases of cyclic lateral loading leads 

to notable recovery in the range of about 40% of preceding displacement accumulation. This 

back-accumulation occurs steadily during cyclic loading and can be described by same 

mathematical formulation as accumulation and with the same soil constants CN2 and CN3 from 

the HCA model. As mentioned in Section 2.3.7, the different concepts of 'multidirectional' 

loading given in the literature make it difficult to compare different studies. Regarding the 

loading scenario with unidirectional loading packages from changing directions, the model 

tests presented in this thesis are comparable only to the experiments carried out by (PERALTA 

2010) for the first two loading packages. In contrast to the strong back-accumulation due to 

transverse loading witnessed in this research (see Figure 6-41), (PERALTA 2010) did not 

mention this effect even though her results show marginal amounts of back-accumulation (see 

Figure 2-22). Studies on other types of multidirectional loading (fan-shape, T-shape, L-shape; 

see Figure 2-21) have shown higher or at least similar total pile head displacements compared 

to unidirectional loading.  

Pile head secant stiffness and dynamic system stiffness decrease due to transverse loading. 

Based on eigenfrequency measurements, this seems to be an effect of the first, 'irregular' cycle 

in transverse direction. Thus, this behaviour may not be linked to back-accumulation. 

The redistribution of soil stresses (from intermediate depth in upwind direction towards 

intermediate depth in downwind direction and shallow depth in upwind direction) which has 

taken place during preceding phases of cyclic lateral loading is partly reverted during cyclic 

lateral loading in transverse direction. Stress redistributions occur steadily during cyclic 

loading and thus are probably linked to the back-accumulation phenomenon. The imprinted 

soil stresses near the pile toe due to pile installation remain during/after several phases of 

cyclic lateral loading from changing directions. 
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Soil mechanical interpretation of phenomena during cyclic loading from alternating directions 

Lateral bedding resistance of a tubular pile comprises of additional radial compressive stresses 

acting predominantly from the load-opposing direction and shearing stresses acting 

predominantly on the transverse flanks of the pile, as sketched in Figure 6-52. 

 

Figure 6-52: Schematic bedding resistance distribution around circumference of tubular piles 

Note that due to the 'toe kick', the compressed zone is on the opposite side below the rotation 

point (cf. Figure 2-13). 

Due to cyclic lateral loading from one direction, the soil in the compressed zone is densified 

while the soil on the opposite side is loosened (Figure 6-52, left). During subsequent transverse 

loading, the zones addressed above are subject to shearing. The soil in the densified zone 

behaves dilatant, leading to an increase of volume while the soil in the loosened zone reacts 

contracting, leading to a reduction of volume (Figure 6-52, right). 

 

Figure 6-53: Schematic soil reaction due to primary (left) 

and subsequent transverse (right) loading (horizontal section) 



Cyclic lateral pile behaviour due to changing loading direction 

- 173 - 

The volume changes on opposing sides and in different depths lead to a back-rotation of the 

pile (Figure 6-54, right) which result in the observed back-accumulation of pile head 

displacements. 

 

Figure 6-54:  Soil reaction due to primary (left) and subsequent transverse (right) loading 

(cross section) 

The unlike cyclic behaviour of dynamic stiffness and back-accumulation can be explained by 

the concepts of 'polarisation' (cf. Figure 2-17) and 'accumulation' (cf. Figure 2-15), which are 

described in Section 2.3.7. In case of a laterally loaded pile, the surrounding soil has a certain 

loading history from the pile installation process (mainly shearing) but can be considered un-

polarised regarding compression. Due to cyclic lateral loading, the soil in the dark shaded areas 

of Figure 6-54 (left) is polarised. With each loading cycle, a certain amount of displacement is 

accumulated and the soil reacts stiffer (cf. Section 6.4). From the distinction between the first 

'irregular' and the following 'regular' cycles (cf. Figure 6-31) it can be concluded that a large 

portion of polarisation occurs during the first loading cycle.  

During the first cycle of subsequent transverse loading, the previously compressed soil is 

subject to shearing and the polarisation of the soil changes rapidly. This leads to an immediate 

softening of the system in the primary loading direction which is manifested in the decrease of 

the system's eigenfrequency (Figure 6-47, bottom). During the following cycles, the further 
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polarisation of the soil is only marginal. However, the cyclic shearing of the soil leads to 

continues accumulation of volumetric strain: In the formerly compressed zones, the soil dilates 

(Figure 6-54, left, dark shaded areas) while in the formerly relieved zones, the soil contracts 

(light shaded areas). This is expressed by the back-accumulation of the pile head displacement 

due to cyclic loading in transverse direction (Figure 6-42, bottom graphs). 
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 Numerical simulations of the lateral pile behaviour 

using a one-dimensional bedded beam model  

7.1 Overview 

In this chapter, numerical simulations of the static and dynamic pile behaviour are shown. 

Therefore, a simple one-dimensional bedded beam model, also known as Winkler method, is 

used. This simple approach cannot wholly represent the complex spatial soil behaviour 

witnessed in the model tests. It was chosen as it is the common approach to calculate lateral 

pile behaviour in offshore practice (probably due to its simplicity), so a lot of experience exists. 

Modifications of the method have been developed to account for topics such as hysteretic 

behaviour (HOULSBY et al. 2017), pile base resistance (FU et al. 2020), cyclic lateral behaviour 

(TRIANTAFYLLIDIS & CHRISOPOULOS 2016), and multi-directional loading (LOVERA et al. 2021). 

For the static pile behaviour (Section 7.2), non-linear springs (p-y curves) describe the pile-soil 

interaction. For the dynamic behaviour (Section 7.3), linear soil stiffness and viscous soil 

damping are considered. The influence of the installation induced soil stresses on the static and 

dynamic pile behaviour witnessed in the scale model tests shall be reproduced by applying 

appropriate soil springs. These soil springs will then be used to investigate installation effects 

on a large scale monopile foundation. 

7.2 Static lateral pile behaviour 

7.2.1 Numerical model for static calculations  

To calculate the static lateral pile-soil behaviour, the pile-soil system is transformed to the one-

dimensional mechanical system shown in Figure 7-1. This system can be mathematical 

formulated by Equation (2-17) which is repeated here: 

 𝐏 = 𝐊 ∙ 𝐲 = (𝐊𝐩𝐢𝐥𝐞 + 𝐊𝐬𝐨𝐢𝐥) ∙ 𝐲 (7-1) 

The load vector P consists of the horizontal load H and the moment load M applied at mudline 

level. The stiffness matrix K is composed of pile and soil stiffness. The pile is modelled as a 

Bernoulli beam with linear-elastic material behaviour. Soil bedding is described by non-linear 

p-y curves. Therefore, Equation (7-1) has to be solved iteratively. The bedding stiffness Epy,sec 

at each node is updated based on the local pile deflection y and the corresponding mobilised 
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bedding resistance p of the previous iteration step. As a first estimate, the initial bedding 

stiffness Epy,ini is used. 

 

Figure 7-1: 1D static pile-soil model 

The mathematical problem is established and solved in Matlab (MathWorks 2020) and consists 

of 100 elements. Further information on the numerical model can be found in Appendix H. 

7.2.2 Modifications on p-y approach based on offshore guidelines 

Static p-y curves according to offshore guidelines (API RP 2GEO) with a hyperbolical 

formulation according to MURCHISON & O'NEILL (1984) (see Equations (2-21) ff.) and an 

adjustment of the initial stiffness Epy,ini as proposed by KALLEHAVE et al. (2012) to account for 

non-linear relation between soil stiffness and depth (see Equation (2-27)) were used as basis 

for the calculations. Further modifications were implemented to account for higher soil 

stiffness at small strain level, additional lateral soil resistance at the pile toe, and increased 

stress level due to pile installation. 

Small strain stiffness 

Based on the p-y formulation of KALLEHAVE et al. (2012), the initial bedding stiffness is calculated 

based on the soil friction angle and depth. The effect of the pile diameter on the strain level and 

therefore the bedding stiffness (Equation (2-30)) was not considered as the effect of the strain 

level will be included in the small strain stiffness. Equation (2-29) according to KIRSCH et al. 

(2014) is used to calculate the relation between static and dynamic oedometric soil stiffness. 

EI

 ,  

  
 y

y
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The reduction of the soil secant stiffness over strain is depicted in Figure 2-14 and can be 

described by 

 ppy(y < ysmall) = Epy,dyn ∙
1

1 + εav
0.7 ∙ 103

∙ y (7-2) 

The a erage strain  e e  εav is calculated over 2.5 pile diameters (KALLEHAVE et al. 2012; KIRSCH 

et al. 2014): 

 εav =
y

2.5 ∙ Dpile
 (7-3) 

To calculate the pile bedding stiffness from the oedometric soil stiffness and vice versa, 

Equation (2-19) according to TERZAGHI (1955) is used. The flow chart in Figure 7-2 shows the 

schematic sequence and parameters for the construction of the p-y curves. 

 

Figure 7-2: Flowchart for the construction of p-y curves with small strain stiffness 
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The pile displacement ysmall is defined by the load level at which the tangent stiffness of the 

dynamic p-y curve according to Equation (7-2) and the tangent stiffness of the static p-y curve 

according to KALLEHAVE et al. (2012) are equal. For higher bedding resistances, the p-y curves 

according to KALLEHAVE et al. (2012) are used and 'shifted' parallel to the displacement 

coordinate y towards ysmall. The top diagram of Figure 7-3 shows the original p-y curves 

according to KALLEHAVE et al. (2012) (black) and the modified p-y curves with consideration of 

the small strain stiffness (red). In the lower diagram, the bedding stiffness Epy is plotted over 

the a erage strain  e e  εav. Both curves are established for the conditions in the model tests at 

a depth of z = 1 m. 

 

Figure 7-3: Exemplary p-y curves (top) according to (KALLEHAVE et al. 2012) (black) 

and modified curves with consideration of small strain stiffness (red) 

and corresponding bedding stiffness (bottom) 

shift of original p-y curve 

for ppy > ppy(ysmall) 
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 he sma   strain stiffness is effe ti e f r a erage strain  e e s ε < 10-4 and, in this case, leads to 

a higher bedding stiffness for small pile displacements of y ≪ 0.1 mm. 

Pile installation effect 

The p-y formulation according to KALLEHAVE et al. (2012) already includes an under-linear 

relation between initial bedding stiffness and depth (see Equation (2-27)) which can also be 

interpreted as an interrelation between bedding stiffness and stress state. This requires a linear 

increase of stress level (overburden pressure or earth pressure at rest) with depth, thus a 

constant soil unit weight. 

The installation-induced, increased radial soil stresses due to impact pile driving and certain 

variants of vibratory pile driving (see Section 6.2) can be considered by a slight modification of 

the depth-term in the p-y approach by KALLEHAVE et al. (2012). As shown in Equations (7-4) and 

(7-5), the initial stiffness Epy,ini [kN/m²] depends on an equivalent depth zeq [m] which is 

 efine  by the  atera  stress σrad' [kN/m²].  

 Epy,ini = mh ∙ zref ∙ (
zeq

zref
)
λz

 (7-4) 

 zeq = σrad
′ (z)/γ′ (7-5) 

The lateral stress can be assessed by the approaches of FISCHER (2021) or ALM & HAMRE (2002) 

(see Section 2.2.2). This leads to an increased initial bedding stiffness near the pile toe. If zeq = z 

is used, (7-4) describes the p-y approach according to KALLEHAVE et al. (2012) without any 

installation effects. 

Additional lateral resistance at the pile toe 

As mentioned in Section 2.3.4, additional lateral pile resistance is mobilised at the pile toe of 

rigid piles. This can be expected for offshore monopiles and for the model piles. To account for 

this, an additional base shear spring is added to the lowermost pile element. The proposed base 

shear formulation corresponds to a shear box test. Figure 7-4 shows results of shear box tests 

(cf. Section 5.4.3), executed with a relative density of Dr = 0.75 at three different constant 

normal load (CNL) levels: 
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Figure 7-4: Relative shear resistance over shear displacement 

The displacement dependent shear resistance is normalised by its ultimate value 

τmax = σ'v ∙ tan φ'.  he   urse  f the n rma ise  shear stress   er shear displacement can be 

approximated by a hyperbolical relation, even though the peak and residual strength of dense 

sand cannot be reproduced: 

 τ/τmax =
y[mm]

1
5
+ y[mm]

 (7-6) 

Based on Equation (7-6), the displacement-dependent base shear resistance Qbase(y) [kN] is 

described by 

 
Qbase(y) =

y ∙ 1000

1
Ebase,ini

+
y ∙ 1000
Qbase,ult

 
(7-7) 

Good agreement with the direct shear tests could be achieved by setting the initial stiffness of 

the shear spring Ebase,ini [kN/m] to five times the ultimate shear resistance Qbase,ult [kN]: 

 Ebase,ini[kN/m] = 5 ∙ Qbase,ult[kN] (7-8) 

The ultimate shear resistance is derived from the vertical soil stress σ'v, and the soil friction 

ang e φ'. To convert Qbase to force dimension, the cross section of the pile base π∙Dpile²/4 is 

taken: 
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 Qbase,ult = π ∙
Dpile
2

4
∙ σv
′ ∙ tan(φ′) (7-9) 

For the sake of sim  i ity an    nsisten y, σ'v = σ'rad is assumed in case of increased soil stresses 

due to pile installation effects, as measured by FISCHER (2021). Otherwise, the overburden stress 

can be taken.  

Sensitivity of the p-y approach to soil friction angle 

The ultimate bedding resistance ppy,ult and the initial stiffness of the p-y curves Epy,ini are both 

fun ti ns  f the interna  fri ti n ang e  f the s i  φ'. According to API RP 2GEO, φ' may be 

determined by drained triaxial tests or shear box tests. As the resulting soil friction angles from 

the two laboratory tests at a given stress level and soil density differ by about 3° (cf. Figure 5-6), 

p-y calculations  f the m  e  tests were  arrie   ut with φ' = 3   (shear b   tests  an  φ' = 39° 

(triaxial tests) to check the sensitivity of the method. The p-y approach of MURCHISON & O'NEILL 

(1984) with the modification of KALLEHAVE et al. (2012) was used; small strain stiffness, pile 

installation effects and additional pile toe resistance were not considered.  

The following Figure 7-5 shows the resulting pile head displacement u over the lateral load H 

as applied in the model tests. The mean course of the measurements of the free vibratory driven 

piles (cyan) is plotted for orientation. 

 

Figure 7-5: Simulated (black) and measured (cyan) load-displacement behaviour of model pile 
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The simulation of the lateral load-bearing behaviour shows a high sensitivity to the soil friction 

angle: A decrease of Δφ' = -3° leads to an increase of pile head displacement of over 45% at 

maximum load level. In case of an offshore monopile, the sensitivity is somewhat lower but still 

leads an increase of pile head displacement by about 25% (see Figure H-4 in Appendix H). The 

lateral stiffness measured during the model tests is severely underestimated, especially at small 

load level. This agrees with the concept of small strain stiffness which is not included in the p-y 

curves used here (MURCHISON & O'NEILL 1984; KALLEHAVE et al. 2012). 

7.2.3 Static calculation of scale model tests 

To calculate the lateral behaviour of the model piles under quasi-static loading, the p-y curves 

according to MURCHISON & O'NEILL (1984) and KALLEHAVE et al. (2012) with the modifications 

described above and the following parameters are used: 

− initial soil stiffness according to Equations (2-22) and (2-23) with buoyant unit weight 

 f γ' = 10.4 kN/m³ and a s i  fri ti n ang e  f φ' = 39° 

− increased bedding stiffness at small average strain according to Equations (2-29) and 

(7-2) 

− base shear spring according to Equation (7-7) at the lowermost pile element 

− variant with increased stress state due to pile installation described by Equation (2-37) 

with  arameters 1/βPSS = 5 an  α = -1.6  

The predicted pile head behaviour is plotted in Figure 7-6, together with fitted results of the 

scale model tests. The top diagram shows the load-displacement curve at measurement level 

(0.6 m above mudline), the bottom diagram shows the corresponding pile head stiffness. The 

black dashed lines depict the predicted pile head behaviour without installation effect while the 

solid lines show the pile head behaviour with consideration of increased soil stresses. The 

coloured lines show the mean courses of impact driven (green) and crane-guided vibratory 

driven piles (red; cf. Table 6-3). 

The prediction considering installation effects (black solid line) shows very good agreement 

with the measured pile head behaviour of the impact drive piles (green). The prediction without 

consideration of installation effects (black dashed line) shows reasonable agreement with the 

measured pile head displacement of the crane-guided vibratory driven piles. Here, the pile head 
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stiffness is slightly underestimated, resulting in an overestimation of the pile head 

displacement. 

 

Figure 7-6: Predicted (black) and measured (coloured) pile head behaviour of model pile 

Figure 7-7 shows the predicted pile behaviour over depth, namely bending y(z) line, mobilised 

soil resistance ppy(z), and the un er ying s i  stress  r fi e σ'rad(z). The mobilised resistance of 

the base shear spring is divided by the element length and added to the lateral resistance acting 

on the lowermost pile element, resulting in increased soil resistance at that element. 
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The variant with increased stress state (solid lines) shows considerably smaller deflections, 

especially at the pile toe. Despite the small displacements below the point of rotation, higher 

bedding stiffness allows for the mobilisation of considerable bedding resistance.  

 

- - [Kallehave et al., 2012] + small strain stiffness + base shear 
— + installation effect 

Figure 7-7: Predicted pile behaviour over depth 

7.2.4 Static calculations on offshore monopile foundations 

To assess the influence of pile installation effects on offshore monopile foundations, predictions 

with the p-y formulation described in Section 7.2.2 are carried out for the generic monopile 

foundation described in Section 4.1 (Dpile = 7.8 m; Lpen = 31 m; H = 10 MN; M = 400 MNm). The 

soil parameters are assumed to be similar to the m  e  tests (γ' = 11 kN/m³; φ' = 39°), which 

is typical for the German North Sea. The increased soil stiffness at small strain level is not used 

here as the effect of small strain stiffness is limited for the given pile dimension and stress level. 

base 
shear 
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Instead, the increased initial p-y stiffness for large pile diameters to account for the reduced 

strain level according to Equation (2-30) after KALLEHAVE et al. (2012) is used. 

Regarding possible installation effects, the radial stresses over depth are calculated according 

to Equation (2-37). Two different methods are used to determine the sha e  arameter αpen:  

− The approach of FISCHER (2021) shows good agreement with the scale model tests. A soil 

density of D = 1.0 (very dense) is assumed and Equation (2-9) yields αpen,Fi = 2.8. 

− The approach of ALM & HAMRE (2002) was validated for offshore conditions by a back-

calculation of mostly jacket piles. Here, a CPT value of qc ≤ 80 MPa (cf. Figure 4-2) is 

assume ,  ea ing t  a  a ue  f αpen,A&H ≈ 0.2 (cf. Equation (2-8)) for the relevant depths10. 

Calculations with the parameters outlined above, however, show hardly any influence of the 

pile installation effect on the lateral pile behaviour. As shown in the top part of Figure 7-8, the 

bending lines (left) of the three variants with and without increased soil stresses (right) are 

identical. The mobilised bedding resistances (middle) show little differences below the rotation 

point. The fact that the pile toe displacement is approximately zero indicates that the utilisation 

of the system is low. 

Therefore, the design of the monopile is 'optimised' to a pile diameter of Dpile = 5 m. The pile 

penetration is set to Lpen = 4∙Dpile = 20 m and the wall thickness was calculated according to 

Equation (4-1). All other parameters including lateral loading remain unchanged. The results 

of the updated calculations are shown in bottom part of Figure 7-8. The variant without pile 

installation effect (dotted line) shows the highest deflections, both at the pile head and the pile 

toe. The variant with the installation effect after FISCHER (2021) shows a considerably lower pile 

head displacement, even though the increased soil stresses decay rapidly within only about 1 m 

depth.  In case of the installation effect according to the approach of ALM & HAMRE (2002) the 

decay of the installation induced stresses is much slower. This causes the least pile deflection 

of all three variants. Even though the pile deflection is very low near the pile toe, the increased 

bedding stiffness, evoked by the high soil stresses, allows for the mobilisation of high bedding 

resistance. 

                                                        

10 The sensitivity of the shape factor according to ALM & HAMRE is actually low, as shown in Figure H-8. 
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∙ ∙ ∙ base shear, no installation effect 
- - base shear, installation effect [Fi] 
— base shear, installation effect [A&H] 

Figure 7-8: Bending line and stress resultants of generic monopile foundations 

due to lateral loading 
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Looking at the integral mobilised bedding resistances of the 5 m pile, especially below the 

rotation point, the question arises where the difference in 'negative' bedding resistances 

between the variant without installation effect and the variants with installation effects has 

gone. The answer lies in the mobilised base shear force, which depends on the vertical stress 

acting on the shear band (Equation (7-9)). In the implementation of the base shear spring, the 

vertical stress is assumed to be equal to the (increased) radial stress at pile toe level. This 

assumption is justifiable because the vertical stresses are also heavily affected by the pile 

installation, as shown by FISCHER (2021). 

The upper part of Table 7-1 shows absolute and relative pile head displacements of the three 

variants and the mobilised base shear forces Qbase,mob at maximum load level. In this scenario, 

the pile head displacement is reduced by about 10% to 20%, depending on the approach to 

assess the installation effect on the soil stress state. Mobilised base shear resistance increases 

massively when pile installation effects are considered. The lower part of the table shows 

results of analogous calculations without consideration of lateral resistance at the pile base 

(Qbase,mob = 0; see Figure H-7 in Appendix H). As expected, absolute pile head displacements are 

somewhat larger. The comparison of the two scenario shows that especially the installation 

effect after FISCHER (2021) benefits from additional base shearing resistance. 

Table 7-1: Pile head displacements and mobilised base shear forces for 5 m monopile 

variant u [mm] u/max u [-] Qbase,mob [MN] 

with base shear 

no installation effect 94.1 1.00 -3.4 

installation effect (FISCHER 2021) 82.4 0.88 -16.9 

installation effect (ALM & HAMRE 2002) 75.9 0.81 -16.4 

without base shear 

no installation effect 97.3 1.00 0 

installation effect (FISCHER 2021) 94.3 0.97 0 

installation effect (ALM & HAMRE 2002) 82.3 0.85 0 
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More extensive results from lateral calculations (stress resultants and pile head behaviour) can 

be found in Appendix H. 

The influence of base shear resistance on lateral pile behaviour can also explain findings by LI 

et al. (2018) regarding the effect of vertical pile load on lateral pile capacity: Vertical loading 

evokes pile toe resistance which acts as vertical stress on the shear band at the pile base. Thus, 

higher shear resistance at the pile base can be mobilised. 

7.3 Pile eigenfrequency 

7.3.1 Numerical model for dynamic calculations  

As shown in STEIN (2020), the measured system dynamics show good agreement with a one-

dimensional numerical model with depth-dependent interface stiffness and damping based on 

the stress-dependent dynamic soil stiffness, as shown in Figure 7-9. 

 

Figure 7-9: 1D dynamic pile-soil model 

The mathematical formulation of the pile-soil system was given in Equation (2-20): 

 𝐏(t) = 𝐊 ∙ 𝐲(t) + 𝐂 ∙ �̇�(t) + 𝐌 ∙ �̈�(t)  

K, C and M are the stiffness, damping and mass matrices of the system. The system matrices are 

composed of the pile and soil matrices, e.g. K = Kpile + Ksoil. y(t) is the deformationt vector and 

P(t) is the load vector. In case of an excitation with a hammer blow at the top of the TP, only the 

first entry of the load vector is occupied: 
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 𝐏(t) = (

H(t)
0
⋮
0

) (7-10) 

Pile stiffness and pile mass can by derived from geometry and material properties, pile damping 

is neglected. For the pile stiffness, a Bernoulli beam is used. For the soil, the stress-dependent 

dynamic stiffness according to Figure 5-7 is taken to calculate depth-dependent dynamic soil 

stiffness Epy,dyn and soil damping Cpy (STEIN 2020). An added soil mass can be included as well, 

e.g. based on the soil density and the soil volume inside the pile.  

With an excitation function H(t), the system response can be simulated by means of numerical 

integration (e.g. Newmark-beta method, NEWMARK 1959). For H(t), the measured excitation of 

the actual frequency response test or a generic signal (e.g. 1 – cos(t)) may be used. The 

eigenfrequency of the numerical model may be estimated in the same manner as from 

measured signals taken acquired during lateral frequency response test (see Section 5.7.7). 

Alternatively, the eigenfrequencies and mode shapes of the undamped systems (thus neglecting 

soil damping) can be determined by solving the differential equation 

 (𝐊 − ω0,lat
2 ∙ 𝐌) ∙ 𝐲 = 0 (7-11) 

f r the eigen a ues ω0,lat = f0,lat ∙ 2π (eigenfre uen ies  an  the eigen e t rs y (mode shapes) 

(GASCH et al. 2012). 

7.3.2 Theoretical influence of installation-induced soil stresses 

on the eigenfrequency of the model pile 

To assess the theoretical influence of the imprinted soil stresses due to pile installation effects, 

eigenfrequency calculations and numerical simulations were carried out using two different 

soil stress profiles. 

Figure 7-10 (left) shows a linear s i  stress  r fi e σ' = γ'∙ ,  es ribing the stress state with ut 

installation effects (red) and another profile with enhanced soil stresses near the pile toe 

according to Equation (2-37) an   arameters 1/βPSS = 5 an  αpen = 1.6, representing the stress 

state after impact driving or free vibratory driving (cf. Figure 6-9). In the middle part of the 

figure, the resulting spring stiffness of the pile-soil interface according to Equations (5-5) and 

(2-19) is drawn. The right diagram shows the first eigenfrequencies and corresponding mode 

shapes of the undamped system according to Equation (7-11). 
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Figure 7-10: Soil stress profile (left), resulting soil stiffness profile (centre) 

and calculated mode shape (right) for test pile with (cyan) 

and without (red) consideration of installation effect on soil stress state 

The influence of the pile installation effect near the pile toe is mitigated by the under-linear 

relation between soil stiffness and soil stress. The consequence for the first eigenfrequency f0,lat 

is below 1 Hz and thus in the range of the reproducibility of the tests (e.g. 19 Hz to 21.5 Hz in 

case if the impact driven piles; see Figure 6-21). The mode shapes show small differences near 

the pile toe which are plausible as a higher spring stiffness near the pile toe will lead to a higher 

degree of clamping. 

Figure 7-11 shows results of numerical simulations using the same soil profiles (cyan, red) as 

shown in Figure 7-10 compared to the measured pile response (black) before the start of cyclic 

lateral loading (N = 0) at pile Z07 (free vibratory driven). The measured excitation signal of the 

impact hammer is shown in the upper left diagram and was also used as excitation signal for 

the simulation. The middle and lower left diagrams show response signals filtered by a low pass 

filter (filtering higher order eigenfrequencies and noise > 200 Hz) and a band pass filter 

(isolating the first eigenfrequency). The right diagram shows the FFTs of the low pass filtered 

signals. Resonance frequencies of the damped system fD,lat and damping factors D are given for 

all systems. 
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Figure 7-11: Measured (black) and simulated (red, cyan) system response 

in time domain (left) and frequency domain (right) 

Measurement and simulations show good agreement regarding the first eigenfrequency. 

Damping is overestimated in the simulation but good agreement can be achieved if the damping 

constant is globally reduced by 50%. The influences of the installation effect on the resonance 

frequency are again very limited with less than 1 Hz.  

7.3.3 Theoretical influence of accumulated soil stresses 

on the eigenfrequency of the model pile 

In analogy to the procedure described in Section 7.3.2, the possible influence of increased soil 

stresses at shallow and intermediate depths due to cyclic loading is evaluated by means of the 

one-dimensional numerical model without damping effects. At shallow depth (z < 1 m), 

increased soil stresses after unloading were measured in the upwind direction. At intermediate 

depth (1 m < z < 1.8 m) increased soil stresses after unloading were measured in the downwind 

direction (see Section 6.4.4). The cyclic effects are considered by multiplying the soil stress used 

t   a  u ate the  ynami  s i  stiffness with a fa t r  f ξσ(z), varying with depth. That soil stress 

fa t r is set t  ξσ = 1.5 at the mudline (z = 0; increase of soil stresses of 50%) and is linearly 

 e reasing t  ξσ = 1.0 until z = 1.8 m (no increase of soil stresses). Compared to the pile 

installation effect (Figure 7-10), this means a moderate increase of soil stresses and thus soil 

stiffness, but at lower depths (Figure 7-12): 
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Figure 7-12: Soil stress profile (left), resulting soil stiffness profile (centre) 

and calculated mode shape (right) for test pile with (black) 

and without (grey) consideration of cyclic effects on soil stress state 

The increase of the resulting undamped bending mode eigenfrequency of about 5% lies in the 

same range as the increase of the measured bending mode eigenfrequencies due to cyclic lateral 

loading (2% to 6%; see Figure 6-34). This emphasises the influence of the upper soil layers on 

the system dynamics. 

7.4 Interim summary 

A simple one-dimensional bedded beam model is suitable to predict the lateral behaviour of the 

model piles. For the static case, non-linear p-y curves after MURCHISON & O'NEILL (1984) and 

KALLEHAVE et al. (2012) with further adjustments to account for small strain stiffness and lateral 

resistance at the pile base give reasonable agreement with model tests. However, the soil 

friction angle has an enormous impact on the outcome of the calculations and has to be chosen 

carefully. 

The consideration of increased soil stresses due to pile installation results in a good fit with the 

measurements of impact driven piles. Thus, a modification of the p-y curves was developed 

which is suitable to take into account pile installation effects. This approach can be transferred 

to offshore monopile foundations. A notable reduction of pile deflection and especially a higher 

σ' ∙ ξσ 

ξσ = 1+0.5∙(1.8 m – z) 
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degree of clamping is achieved when the utilisation of the pile is high enough. This shows 

opportunities to optimize pile design when considering pile installation effects. 

The modification of the initial p-y stiffness Epy,ini based on the ratio of installation-induced soil 

stresses to the overburden pressure may also be applied to other formulations of the p-y curves. 

The ultimate bedding resistance ppy,ult is not changed by the proposed method. 

For the dynamic case, good agreement between calculation and model tests is achieved using 

dynamic soil properties from laboratory tests. Influences of increased soil stresses due to pile 

installation on the system's eigenfrequency are predicted, but lie within the variance of the 

model tests. Dynamic calculation on large scale monopile foundations were not conducted as 

this requires extensive knowledge of the dynamics of the superstructure (tower and rotor-

nacelle assembly). 
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 Résumé 

A large portion of knowledge on geotechnical problems of offshore pile foundations was based 

on experience and research in the field of the oil and gas industry. In the last two decades, 

attention has shifted towards the offshore wind industry in general and large diameter 

monopile foundations in particular. Due to predominantly lateral, high cyclic loading conditions 

and stiff piles, the calculation methods used so far were questioned and a lot of research was 

conducted on novel approaches for lateral pile design and driveability predictions. Vibratory 

pile driving became more popular in recent years due to positive environmental and possibly 

economic effects. In the offshore industry, however, experience with vibratory driven piles is 

still small and little research is available on the effects on lateral pile behaviour. This led to the 

development of this research project. 

A comparative study on impact and vibratory driven piles was carried out by means of scale 

model investigations with a scaling factor of about 1:13. Dense, over-consolidated, and water 

saturated sand was used as model soil, resembling offshore conditions in the German North 

Sea. During the installation of impact driven and certain vibratory driven piles, a massive 

increase and subsequent decay of radial effective soil stresses was witnessed, resulting in high 

imprinted soil stresses at the pile toe after pile installation. For impact driven piles, this 

phenomenon is known as 'friction fatigue'. For vibratory driven piles, the degree of this 

'installation effect' depends the response of the pile-vibro-soil system: 

−  Low acceleration amplitudes, 

− large penetration per vibration cycle, and 

− an asymmetry of the pile motion (upwards/downwards directed velocity) 

lead to high soil stresses. This can be explained by a low range of soil fluidisation at low 

acceleration amplitudes and an elasto-plastic behaviour of the subjacent soil, which is 

compacted at sufficing penetration per cycle. Such installation behaviour could be reproduced 

by free vibratory driving and a frequency control leading to quick and continuous pile 

penetration (here also termed 'aggressive' frequency control). By means of free vibratory pile 

driving, similar imprinted soil stresses could be generated as by impact pile driving! On the 

contrary, crane-guided vibratory installation with holding back the pile did not lead to 

increased soil stresses. This is explained by viscous soil behaviour underneath the pile toe of 

an extent larger than the pile oscillation amplitude. 
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Subsequent lateral loading to service load level showed lower pile head deflections of impact 

driven and free vibratory driven piles with 'aggressive' frequency control compared to the 

crane-guided vibratory driven piles. This leads to the suggestion that the lateral bedding 

stiffness is enhanced by the imprinted soil stresses. This effect can be included into the 

formulation of the p-y curves according to KALLEHAVE et al. (2012) by increasing the initial 

bedding stiffness Epy,ini depending on the radial soil stress, expressed by an equivalent depth zeq 

(Equations (7-4) and (7-5)): 

 Epy,ini = mh ∙ zref ∙ (
zeq

zref
)
λz

  

  zeq = σrad
′ (z)/γ′  

Evidently, increased soil stresses near the pile toe only affect the lateral pile behaviour if the 

pile resistance at that depth (the 'toe kick') is mobilised. This can be expected for stiff piles as 

the model piles and current offshore monopiles, but not for flexible ones as jacket piles. Thus, 

the modification of the p-y curves can be used to calculate offshore monopile foundations and 

reveals certain potential for optimisation of foundation design. Therefore, the extent of 

imprinted radial soil stresses has to be predicted accurately. 

Regarding the occurrence of pile installation effects during offshore pile driving by means of 

vibratory hammers, a validation is necessary. The determination of the dynamic response of 

the soil-pile-vibro system can be done based on vibratory driving monitoring (VDM) which is 

standard in the offshore industry. The in-situ measurement of soil stress is much more 

elaborate and may be substituted by indirect measurements such as CPTs or pressuremeter 

soundings. 

To assess the decay of increased soil stresses along the pile length different approaches to 

describe the 'friction fatigue' effect for drivability studies can be used. They have been 

calibrated by actual soil stress measurements in scale model tests (FISCHER 2021) or by back-

calculation of offshore piling projects (ALM & HAMRE 2002). 

In addition to the monotonic behaviour of differently driven piles, the displacement 

accumulation and the development of the system stiffness under cyclic lateral loading with 

12,000 cycles were investigated. Again, impact driven and free vibratory driven piles with 

'aggressive' frequency control show considerably lower displacement accumulations 

compared to crane-guided vibratory driven piles. Operable calculations on the cyclic lateral pile 
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behaviour were not conducted. However, a variant analysis of the relevant parameters of the 

high cyclic accumulation (HCA) model according to NIEMUNIS et al. (2005) can explain the lower 

displacement accumulation in case of an increased stress state near the pile toe. 

After unidirectional cyclic lateral loading, the loading direction was alternated several times by 

90°. Along with the expected displacement accumulation in loading direction, a considerable 

amount (30% to 50%) of back-accumulation of the previously accumulated pile head 

displacement was witnessed transverse to the loading direction. Likewise, the system stiffness 

decreased. Detailed analysis of bending mode eigenfrequency measurements carried out at 

different cycles in and transverse to the direction of lateral loading reveal that the dynamic 

system stiffness decreases after only one transverse load cycle. The back-accumulation, in 

contrast, takes place continuously over transverse cyclic loading and has the same shape as the 

previous accumulation, but with lower intensity. This discrepancy is explained by the different 

soil mechanical concepts of accumulation and polarisation: Continuous strain accumulation 

due to soil shearing during transverse loading is responsible for the back-rotation of the pile 

while the instant polarisation of the soil determines the stiffness of the system.  

Cyclic lateral loading also induces notable stress rearrangements along the pile, especially at 

shallow and intermediate depth. During transverse cyclic loading, the initial soil stress profiles 

in the previous loading direction were restored. Imprinted radial stresses near the pile toe due 

to pile installation effects partly decreased slightly over several cycle packages from alternating 

directions but remained massively enhanced compared to the primary stress state. 

In a nutshell, 

− impact pile driving induces imprinted soil stresses near the pile toe, 

− vibratory pile driving may evoke similar soil stresses, depending on the installation 

mode, 

− those imprinted soil stresses lead to increased lateral bedding reaction around the toe 

of stiff monopiles, 

− that increased lateral bedding is favourable for the static and cyclic lateral pile 

behaviour, and 

− the imprinted soil stresses are robust against cyclic loading from alternating directions. 
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Additionally, 

− cyclic lateral loading leads to an increase of lateral system stiffness, and 

− transverse lateral loading leads to notable back-rotation of previously accumulated pile 

head displacement. 

All these topics may be considered in the geotechnical design of offshore monopile foundations 

and show potential for optimisation. However, validation by preferably full-scale tests is 

necessary. 

Installation effects on the soil stress state as known from impact driving as well as a similar 

lateral behaviour were encountered at certain free vibratory driven piles. It has to be 

emphasised that free vibratory pile driving is not a sufficient condition to achieve imprinted 

soil stresses and corresponding lateral behaviour, as shown on free vibratory driven piles with 

no or little pile installation effects and softer lateral behaviour! The effect on the soil stresses is 

merely linked to the vibration characteristics. 

The different 'modes' of vibratory driving encountered in the scale model tests, particularly 

evoked by free and crane-guided installation, raise questions regarding the soil models used for 

vibratory pile driving simulations. Pile driveability studies play an important role in the 

planning of offshore projects. Their results are crucial for fatigue analyses and the plain 

decision on the right installation equipment. In commercially available driving prediction 

software the same soil models are used for vibro driveability studies as for impact driving. 

These soil models do not distinguish between vibratory driving modes, such as 'cavity/non-

cavity' or 'viscous/impact' modes. The latter was used here to explain the phenomena 

witnessed in the scale model tests. A corresponding soil model with acceleration-dependent 

fluidisation or a displacement-dependent distinction between elasto-plastic and viscous soil 

behaviour underneath the pile toe is not known to the author. Such a model may facilitate more 

accurate vibratory driving predictions and even allow for a prediction of increased soil stresses, 

which may than be applied in the pile design. 

Due to the setup of the scale model tests, suggestions on the favourable impact of pile 

installation effects on the load bearing behaviour is limited to piles in dense sand under lateral 

loading at moderate load level. It is reasonable to assume that increased soil stresses around 

the pile toe may also increase the ultimate bedding resistance, and thus the lateral pile capacity, 

as well as the axial pile stiffness and capacity. This may be validated by appropriate model test. 
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Vibratory installation in medium dense sand may even lead to more favourable results due to 

possible compaction effects. 
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Appendix A Test program 

The following Table A-1 shows an overview over all tests executed within the research project. 

Details about the installation method are given in Table 6-1. Regarding the direction and 

loading amplitude of the different phases refer to Table 5-3. 

Table A-1: Test program 

test installation method phases comments 

Z01 vibro free-hi-mod 6 
phase 1: measurement of pile head displacement not redundant 
phase 4, first cycle: max H ≈ 23 kN 
phase 5: 6,740 cycles 
phase 6: 1,006 cycles 

Z02 vibro free-hi-mod 4 
phase 1: failure of DAQ during first 250 cycles; load control 
operable 
phase 3: interruption for about 6 hrs 
phase 4: interruption for about 10 hrs 

Z03 impact  5  

Z04 impact  5 
installation: malfunction of diesel hammer with low energy and 
penetration per blow from 1.3 m to 2.0 m penetration 

Z05 vibro free-hi-mod 4 
phase 4: measurement of pile head displacement not redundant 
during first 500 cycles; phase extended to 144,000 cycles 

Z06 vibro free-hi-mod 5 
phase 1: failure of DAQ during cycles 1,011 to 11,725; but load 
control operable 

Z07 vibro free-hi-aggr 4 
all phases: LFRT after cycles 1; 10; 100; 1,000 
phase 4: extended to 96,000 cycles 

Z08 vibro free-hi-aggr 5 
phase 1: interruption after 5,505 cycles 
phase 5: extended to 82,166 cycles; LFRT after cycles 1; 10; 
1,000; 43,000; 82,166 

Z09 vibro free-hi-aggr 5  

Z10 impact  4 
phases 1 and 2: LFRT after cycles 1; 10; 100; 1,000 
phase 4: extended to 83,550 cycles 

Z11 vibro guided-hi-fix 5 phase 5: extended to 47,000 cycles 

Z12 vibro guided-hi-fix 5 phase 5: extended 

Z13 vibro guided-hi-fix 4 phase 4: extended to 45,000 cycles 

Z14 vibro free-lo 5  

Z15 vibro guided-lo-fix 5 
phase 1: LFRT after cycles 1; 10; 100; 1,000 
phase 5: extended to 46,000 cycles 

Z16 vibro guided-lo-fix 5 phase 5: extended to 46,000 cycles 
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Appendix B Measurement equipment 

Table B-1 shows the data acquisition equipment and Table B-2 the sensors used in the model 

tests.  

Table B-1: Data acquisition units 

manufacturer type measuring range sample 
rate 

resolution accuracy 

Allnamics PDR ±0.1 V 50 kHz 24 bit 0.2 % 

National 
Instruments 

SCXI ±10 V 200 kHz 16 bit 0.1 % 

Dewesoft DW43 
±0.01 .. 10 V 

±10 .. 1000 mV/V 
4 .. 20 mA 

200 kHz 24 bit 0.1 % 

 

The Allnamics PDR was used to measure pile forces and motions during pile installations. The 

National Instruments SCXI System was used to measure soil stresses during preparation of the 

model soil, pile installation and cyclic lateral load tests was well as lateral loading and pile head 

displacements during cyclic lateral loading. The Dewesoft DW43 Unit was used for redundant 

pile force and motion measurements during pile installations and for the lateral frequency 

response tests. 
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Table B-2: Sensors 

sensor manufacturer type 
measuring 

range 
frequency 

range 
non-

linearity 

PDR sensors 
(pile installation, sampled with Allnamics PDR) 

accelerometer 
(impact) 

Measurement 
Specialties 

EGCS-S055B-
5000 

±50,000 m/s² DC .. 2,100 Hz 1 % 

accelerometer 
(vibro) 

Measurement 
Specialties 

EGCS-S055B-
500 

±5,000 m/s² DC .. 1,000 Hz 1 % 

strain sensor 
TLM, Allnamics 

FLA-2-350-23 
(full bridge) 

±4,000 µm/m n.a. 1 % 

PDM sensors 
(pile installation, sampled with Dewesoft DW43) 

accelerometer 
(vibro) 

PCB M353B18 ±5,000 m/s² 1.0 .. 10 kHz ≤ 1% FS 

accelerometer 
(impact) 

PCB M350B04 ±50,000 m/s² 0.4 .. 10 kHz ≤ 2% FS 

accelerometer 
(soil) 

Analog Devices ADXL335 ±36 m/s² DC .. 550 Hz 0.3 % 

strain gauge HBM LY61-10/350 ±1,000 µm/m n.a. ≤ 1 % 

cable 
transducer 

Baumer GCA5 0 .. 4.7 m n.a. ≤ 2 % FS 

load cell 
(line pull) 

MecSense T20 0 .. 20 kN n.a. 0.03 % 

dynamic excitation and response sensors 
(lateral frequency response test, sampled with DW43) 

accelerometer PCB 3741B1210G ±100 m/s² DC..1,000 Hz ≤ 1% FS 

impact 
hammer 

PDI 7 lb n.a. n.a. n.a. 
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Table B-2: Sensors (continued) 

pile head sensors 
(cyclic lateral load testing, sampled with National Instruments SCXI) 

displacement 
transducer 

novotechnik LS1 
0 .. 50 mm 

0 .. 100 mm 
< 50 Hz 

≤  .15 % 
FS 

inclinometer AMOS AIM 72 ±3° DC .. 3 Hz 0.05 % FS 

load cell HBM S9M ±50 kN n.a. 0.02 % FS 

measuring 
amplifier 
(load cell) 

Soemer DAD 141.1 ±3 mV/V n.a. 

≤  . 3 % 
resolution 
200,000 

digits 

soil stresses and pore water pressures 
(preparation of model soil, pile installation, and cyclic lateral load testing, sampled with SCXI) 

earth pressure 
pad 

Glötzl E10 AU 0 .. 5 bar < 1 kHz ≤ 0.5 % FS 

earth pressure 
spade 

Glötzl E7/14 AU 0 .. 5 bar < 1 kHz ≤ 0.5 % FS 

pore water 
pressure 
transducer 

Glötzl PP3 RS 0 .. 5 bar < 1 kHz ≤ 0.5 % FS 

dynamic excitation and response sensors 
(lateral frequency response test, sampled with DW43) 

accelerometer PCB 3741B1210G ±100 m/s² DC..1,000 Hz ≤ 1% FS 

impact 
hammer 

PDI 7 lb n.a. n.a. n.a. 

 

The load cell used for the cyclic lateral load tests (HBM S9M) was connected to a measuring 

amplifier (Soemer DAD 141.1) which also served as part of the control unit for the loading 

device. The amplifier also converted the signal from the load cell (full bridge, [mV/V]) to a 

voltage signal which was sampled by the National Instruments SCXI data acquisition unit. 

  



Appendix B 

- 224 - 

  



Test preparation 

- 225 - 

Appendix C Test preparation 

The following figures show mean values of CPT and DPM readings taken after sand placement 

of the different tests. CPT readings are available only for tests Z08 and later. Table C-1 shows 

the gradients of DPM and CPT readings as well as determined relative density Dr where 

available. 

 

Figure C-1: Mean qc values from CPT readings (left) and linear regressions (right) 

 

Figure C-2: Mean N10 values from DPM soundings (left) and linear regressions (right) 

 1 2 3 

N
1 ,D  

[ ]

 . 

 .5

1. 

1.5

2. 

2.5

3. 

  
[m

]

      r            

 1 2 

N
1 ,D  

[ ]

  1
  2
  3
  4
  5
   
  7
  8

   
 1 
 11
 12
 13
 14
 15
 1 



Appendix C 

- 226 - 

Table C-1: Sand installation quality 

test 
Dr,sample 

[-] 

δ 10,DPM δz 
[1/m] 

δqc δz 
[MPa/m] 

Z01 
 

0.762 8.31 -- 

Z02 0.739 8.95 -- 

Z03 0.742 7.68 -- 

Z04 -- 7.99 -- 

Z05 -- 8.12 -- 

Z06 -- 8.39 -- 

Z07 -- 8.73 -- 

Z08 -- 8.75 12.7 

Z09 0.701 9.19 14.4 

Z10 -- 8.03 12.0 

Z11 -- 7.99 12.0 

Z12 -- 9.12 12.7 

Z13 -- 9.18 12.1 

Z14 -- 9.40 13.4 

Z15 -- 8.62 -- 

Z16 -- 8.81 12.2 

mean 0.736 8.65 12.7 
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Appendix D Pile installation 

Vibratory installation records 

The following figures show installation records of vibratory pile installations, grouped by 

installation variant, in analogy to Figure 6-3. 

 

 

Figure D-1: Installation records of free vibratory driven piles 

with high eccentric moment and moderate frequency control 
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Figure D-2: Installation records of free vibratory driven piles 

with high eccentric moment and aggressive frequency control 
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Figure D-3: Installation record of free vibratory driven pile 

with low eccentric moment  
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Figure D-4: Installation records of crane-guided vibratory driven piles 

with high eccentric moment 
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Figure D-5: Installation records of crane-guided vibratory driven piles 

with low eccentric moment 

The penetration speed vpen of crane guided piles (Z11, Z12, Z13, Z15, Z16) is almost constant as 

the penetration speed is limited by the crane. Note that piles Z13 and Z16 were intentionally 

installed with higher crane speed. For these piles, the bias force Fbias increases with pile 

penetration as an increasing portion of the dead weight Gpile+vibro is carried by the soil resistance 

and the line pull Fline decreases.   
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Soil stress development 

 he f    wing figures sh w the  e e   ment  f effe ti e ra ia  s i  stresses σ'rad measured at 

different levels over pile penetration Lpen during pile installation processes of all tests in 

analogy to Figure 6-2. 

During the installation of pile Z02, a malfunction of the cable transducer measuring the pile 

penetration occurred. Due to an unfortunate positioning of the camera, the pile and soil 

measurements could only be matched very roughly with the pile penetration. 

Fort the installation of pile Z05, the synchronisation of pile and soil measurements was not 

satisfactory. 

During the installation of pile Z07 (Lpen < 1.6 m), the sample rate of the soil stress 

measurements was accidently set to 1 Hz instead of 100 Hz, so the resolution in this part are 

very low. 

 

 

Figure D-6: Soil stress development due to vibratory driving of pile Z01 
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Figure D-7: Soil stress development due to vibratory driving of pile Z02 

 

Figure D-8: Soil stress development due to impact driving of pile Z03 
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Figure D-9: Soil stress development due to impact driving of pile Z04 

 

Figure D-10: Soil stress development due to vibratory driving of pile Z05 
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Figure D-11: Soil stress development due to vibratory driving of pile Z06 

 

Figure D-12: Soil stress development due to vibratory driving of pile Z07 
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Figure D-13: Soil stress development due to vibratory driving of pile Z08 

 

Figure D-14: Soil Stress development due to vibratory driving of pile Z09 
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Figure D-15: Soil stress development due to impact driving of pile Z10 

 

Figure D-16: Soil Stress development due to vibratory driving of pile Z11 



Appendix D 

- 238 - 

 

Figure D-17: Soil stress development due to vibratory driving of pile Z12 

 

Figure D-18: Soil stress development due to vibratory driving of pile Z13 
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Figure D-19: Soil stress development due to vibratory driving of pile Z14 

 

Figure D-20: Soil stress development due to vibratory driving of pile Z15 
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Figure D-21: Soil stress development due to vibratory driving of pile Z16 
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Imprinted soil stresses after pile installation 

 he f    wing tab e sh ws regressi n  arameters αpen an  βPSS according to Equation (6-2), 

describing the shape of the soil stress profile after pile installation: 

Table D-1: Soil stress state after pile installation 

test installation 
method 

group 
[Me-fd-vpen] 

αpen 
[-] 

  βPSS 
[-] 

R² 
[-] 

line 
style 

Z01 vibro hi-lo-free -1.49 0.92 0.63 ––– 

Z02 vibro hi-lo-free -1.85 0.96 0.94 –  – 

Z03 impact  2.06 6.38 0.79 ––– 

Z04 impact  1.46 5.33 0.73 –  – 

Z05 vibro hi-lo-free -2.73 1.00 0.37 ∙ ∙ ∙ 

Z06 vibro hi-lo-free -3.36 1.00 0.45 – ∙ 

Z07 vibro hi-hi-free 1.33 3.97 0.72 ––– 

Z08 vibro hi-hi-free 1.94 6.46 0.72 –  – 

Z09 vibro hi-hi-free 1.39 6.41 0.81 ∙ ∙ ∙ 

Z10 impact  1.31 7.68 0.76 ∙ ∙ ∙ 

Z11 vibro lo-hi-guided -0.07 0.52 0.04 ––– 

Z12 vibro lo-hi-guided -0.44 0.54 0.53 –  – 

Z13 vibro lo-hi-guided -1.12 0.89 0.87 ∙ ∙ ∙ 

Z14 vibro lo-hi-free 1.48 1.72 0.13 ––– 

Z15 vibro hi-lo-guided 0.06 0.47 0.02 ––– 

Z16 vibro hi-lo-guided 0.06 0.34 0.01 –  – 
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Eigenfrequency determination 

To estimate the axial eigenfrequency of the pile-soil system analytically, the one-dimensional 

model (Figure 2-3) is further simplified to a single-element model. As justified before, the pile 

can be regarded as a rigid body for vibratory driving (not for impact driving!). The mass of the 

pile can be concentrated in a single point mass. To deal with possible yielding of the soil springs 

(cf. Figure 2-3) the following approach was used: In case of displacement amplitudes 

s0 = Me/mdyn ≤ sq, a linear elastic spring with spring stiffness Eqs = Rstat/sq was used. In case of 

higher displacement amplitudes s0 > sq, the secant stiffness Eqs,sec = Rstat/s0 was used as 

modified spring stiffness. This procedure leads to softer springs and is applicable at low 

penetration depths (where sq has low values) and for vibro hammers with high eccentric 

moments (where s0 has large values). The left diagrams in Figure D-22 show the soil spring 

stiffness at the pile shaft Eqs,s over depth z. The black lines depict the basic soil model 

parameters, while the coloured lines show the modified spring stiffness for the different vibro 

hammers. 

The soil springs are combined to one linear-elastic spring with the spring stiffness Einst. Crane 

support and soil damping is neglected. Thus, the eigenfrequencies of the undamped systems 

f0,inst yield 

 f0,inst =
1

2π
∙ √Einst/mdyn (D-1) 

 
Einst = ∫Eqsdz 

(D-2) 

with different dynamic masses of the system for the M3 and M23/M23A vibratory hammers. 

Since the (total) spring stiffnesses increase with pile penetration, the eigenfrequencies of the 

pile-soil systems change likewise, as shown in Figure D-22: 
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Figure D-22: Spring stiffness of the soil model (left) 

and eigenfrequecies of the vibro-pile-soil system (right) 

over penetration depth for different vibro hammers 

The estimated eigenfrequencies are of course sensitive to the chosen soil model. Details of the 

soil model can be found in STEIN (2018) For the interface stiffness Eqs, a stress dependent soil 

stiffness according to OHDE (1939) was used: 

 Eoed = Eoed,ref ∙ pref ∙ (
γ′ ∙ z

pref
)

λEoed

 

with Eoed,ref   3   k a; λEoed = 0.6 

(D-3) 

With respect to the frequency ranges of the used vibratory hammers (cf. Table 5-7) it is likely 

that vibratory driving may take place at the 2nd harmonic (≈ 2∙f0,inst). It should also be 

considered that damping effects leads to lower eigenfrequencies. 

For an experimental estimation of the system's eigenfrequency, pile extractions after tests Z06, 

Z09 and Z10 were carried out. The hammer frequency was varied over a wide range (sweep) 

while the pile was held at a constant penetration depth by the crane. The excitation of the pile 

and the hammer as well as the response of the soil were measured using accelerometers 

mounted at the pile head and embedded in the sand in different depths (z = 0.4 m, 1.2 m, 2.0 m). 

The sweeps were divided into windows of one second and analysed in the frequency domain 

using a fast Fourier transform to find acceleration magnitudes for different excitation 
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frequencies. As the magnitude of the hammer and pile excitation apile depends on the driving 

frequency fd (Equation (2-11), the magnitude of the response asoil is expected to be influenced 

likewise. Therefore, the measured soil acceleration was divided by the pile acceleration. The 

following Figure D-23 shows the normalised soil response asoil/apile over the frequency range of 

the sweeps fd for different sensor depths during the extraction of the model pile after test Z09 

using the APE Model 3 vibratory hammer at a pile penetration of Lpen ≈ 2 m. 

 

Figure D-23: Normalised soil acceleration over excitation frequency 

A local maximum of the soil response spectra can be found for an excitation frequency of about 

17 Hz. Sweeps in different depths were analysed the same way but it has to be admitted that 

the plots were not always as clear as shown in Figure D-23. Additionally, during free pile 

installation using the unmodified Model 23 vibratory hammer, possible resonance effects were 

experienced at certain combinations of pile penetration and driving frequency. The whole test 

pit seemed to shake for some seconds which could later be retraced by videos of the installation 

process. 

Figure D-24 shows the resonance frequencies observed during pile extractions (void shapes) 

and installations (other markers); colours indicate the used vibro hammers. For the extraction 

of tests Z06 and Z09 with the Model 3 hammer (green) as well as for the installations of tests 

Z07, Z08 and Z09 with the Model 23 hammer (cyan) good agreements can be seen. Data from 

one extraction and one installation with the modified hammer Model 23A from tests Z10 and 

Z14 is available as well (blue). The resonance observed during the installation of test Z14 

(Lpen = 1.4 m, fd = 28 Hz, Model 23A) is about twice as high compared to the resonance during 

the extraction of test Z10 (Lpen = 1.6 m, fd = 14 Hz, Model 23A). Maybe the resonance observed 

at 28 Hz was the 2nd harmonic, thus the first harmonic would lie close to one half of 28 Hz which 

would fit good to the data from Z10. 
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Figure D-24: Evaluation of pile-soil response over depth 

The vibro hammers show different resonance profiles over depth which can be explained by 

different oscillation amplitudes caused by the eccentric moment (see Equation (2-13)) and 

different dynamic masses of the vibratory hammers. Similar to the analytical courses (Figure 

D-22), an increase of the eigenfrequencies f0,inst with depth can be seen. 

A quantitative comparison of the observed resonances (Figure D-24) with the theoretical 

natural frequencies (Figure D-22) gives poor agreement. The most striking deviation is the fact 

that the dynamic system with the Model 23 hammer has the lowest theoretical eigenfrequency 

(due to the high eccentric moment Me, thus a high displacement amplitude s0 and a modification 

of the spring stiffness Eqs) while the highest resonant frequencies were observed. As with the 

resonance encountered during the installation of test Z14, the resonances observed during 

installation with the Model 23 vibro hammer shown in Figure D-24 may be higher harmonics, 

which would give reasonable fit with the simulated eigenfrequencies. 

Due to the large discrepancies and uncertainties the experimental and analytical courses of the 

systems' eigenfrequencies seem not be suited for further evaluation. However, a major 

influence of penetration depth and vibratory equipment is unquestionable. Thus, the 

declaration of one fixed value for the soil or system eigenfrequency is not justified. It seems to 

be m re reas nab e t  use the  hase shift ΦF as indicator for the proximity to resonance.  
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Appendix E Quasi-static lateral pile behaviour 

Lateral pile head displacement 

The following figures show the load-displacement behaviour of the first loading period of each 

test of the different test groups. Measured values are donated as markers, fitted curves are 

drawn as lines. 

 

 

Figure E-1: Quasi-static load displacement behaviour 

of impact driven piles at beginning of phase 1 
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Figure E-2: Quasi-static load displacement behaviour 

of impact driven piles at beginning of phase 2 

 

Figure E-3: Quasi-static load displacement behaviour 

00of impact driven piles at beginning of phase 3 
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Figure E-4: Quasi-static load displacement behaviour 

of impact driven piles at beginning of phase 4 

 

Figure E-5: Quasi-static load displacement behaviour of free vibratory driven piles 

with high eccentric moment and 'moderate' frequency control at beginning of phase 1 
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Figure E-6: Quasi-static load displacement behaviour of free vibratory driven piles 

with high eccentric moment and 'moderate' frequency control at beginning of phase 2 

 

Figure E-7: Quasi-static load displacement behaviour of free vibratory driven piles 

with high eccentric moment and 'moderate' frequency control at beginning of phase 3 
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Figure E-8: Quasi-static load displacement behaviour of free vibratory driven piles 

with high eccentric moment and 'moderate' frequency control at beginning of phase 4 

 

Figure E-9: Quasi-static load displacement behaviour of free vibratory driven piles 

with high eccentric moment and 'aggressive' frequency control at beginning of phase 1 
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Figure E-10: Quasi-static load displacement behaviour of free vibratory driven piles 

with high eccentric moment and 'aggressive' frequency control at beginning of phase 2 

 

Figure E-11: Quasi-static load displacement behaviour of free vibratory driven piles 

with high eccentric moment and 'aggressive' frequency control at beginning of phase 3 
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Figure E-12: Quasi-static load displacement behaviour of free vibratory driven piles 

with high eccentric moment and 'aggressive' frequency control at beginning of phase 4 

 

Figure E-13: Quasi-static load displacement behaviour of free vibratory driven pile 

with low eccentric moment at beginning of phase 1 
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Figure E-14: Quasi-static load displacement behaviour of free vibratory driven pile 

with low eccentric moment at beginning of phase 2 

 

Figure E-15: Quasi-static load displacement behaviour of free vibratory driven pile 

with low eccentric moment at beginning of phase 3 



Quasi-static lateral pile behaviour 

- 255 - 

 

Figure E-16: Quasi-static load displacement behaviour of free vibratory driven pile 

with low eccentric moment at beginning of phase 4 

 

Figure E-17: Quasi-static load displacement behaviour of guided vibratory driven piles 

with high eccentric moment at beginning of phase 1 
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Figure E-18: Quasi-static load displacement behaviour of guided vibratory driven piles 

with high eccentric moment at beginning of phase 2 

 

Figure E-19: Quasi-static load displacement behaviour of guided vibratory driven piles 

with high eccentric moment at beginning of phase 3 
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Figure E-20: Quasi-static load displacement behaviour of guided vibratory driven piles 

with high eccentric moment at beginning of phase 4 

 

Figure E-21: Quasi-static load displacement behaviour of guided vibratory driven piles 

with low eccentric moment at beginning of phase 1 
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Figure E-22: Quasi-static load displacement behaviour of guided vibratory driven piles 

with low eccentric moment at beginning of phase 2 

 

Figure E-23: Quasi-static load displacement behaviour of guided vibratory driven piles 

with low eccentric moment at beginning of phase 3 
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Figure E-24: Quasi-static load displacement behaviour of guided vibratory driven piles 

with low eccentric moment at beginning of phase 4 

 

The following table gives the corresponding fitting parameters for all tests. 
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Table E-1: Fitted parameters for load-displacement curves (all tests, CLLT, phases 1-4, cycle 1) 
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The following figures show diagrams of the parameters u*ref an  κ f r the   a ing  hase  f the 
first cycle of phases 1, 2, and 3. 
 

 

Figure E-25: Fitted parameters for load-displacement curves 

(all tests and test groups, CLLT, phase 1, cycle 1) 
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Figure E-26: Fitted parameters for load-displacement curves 

(all tests and test groups, CLLT, phase 2, cycle 1) 

 

Figure E-27: Fitted parameters for load-displacement curves 

(all tests and test groups, CLLT, phase 3, cycle 1)  
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Maximum soil reaction 

The following figures show the soil reaction profile over depth at maximum load level of the 

first cycle of phases 1, 3 and 4. Differences of the measured effective soil stresses Δσ' compared 

to the stress state before loading (H = 0) are plotted. Soil stresses in upwind direction, 

downwind direction and resultants are shown from left to right. Each figure shows one test 

group. Phases 2 and 5 are not shown as not enough sensor levels are available in the 

corresponding loading direction. 

 

 

Figure E-28: Soil reaction of impact driven piles 

at maximum load level of the first loading cycle of phase 1 
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Figure E-29: Soil reaction of impact driven piles 

at maximum load level of the first loading cycle of phase 3 

 

Figure E-30: Soil reaction of impact driven piles 

at maximum load level of the first loading cycle of phase 4 
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Figure E-31: Soil reaction of free vibratory driven piles with high eccentric moment 

and 'aggressive' frequency control at maximum load level of the first loading cycle of phase 1 

 

Figure E-32: Soil reaction of free vibratory driven piles with high eccentric moment 

and 'aggressive' frequency control at maximum load level of the first loading cycle of phase 3 
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Figure E-33: Soil reaction of free vibratory driven piles with high eccentric moment 

and 'aggressive' frequency control at maximum load level of the first loading cycle of phase 4 

 

Figure E-34: Soil reaction of free vibratory driven pile with low eccentric moment 

at maximum load level of the first loading cycle of phase 1 
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Figure E-35: Soil reaction of free vibratory driven pile with low eccentric moment 

at maximum load level of the first loading cycle of phase 3 

 

Figure E-36: Soil reaction of free vibratory driven pile with low eccentric moment 

at maximum load level of the first loading cycle of phase 4 
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Figure E-37: Soil reaction of crane-guided vibratory driven piles with high eccentric moment 

at maximum load level of the first loading cycle of phase 1 

 

Figure E-38: Soil reaction of crane-guided vibratory driven piles with high eccentric moment 

at maximum load level of the first loading cycle of phase 3 
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Figure E-39: Soil reaction of crane-guided vibratory driven piles with high eccentric moment 

at maximum load level of the first loading cycle of phase 4 

 

Figure E-40: Soil reaction of crane-guided vibratory driven piles with low eccentric moment 

at maximum load level of the first loading cycle of phase 1 
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Figure E-41: Soil reaction of crane-guided vibratory driven piles with low eccentric moment 

at maximum load level of the first loading cycle of phase 3 

 

Figure E-42: Soil reaction of crane-guided vibratory driven piles with low eccentric moment 

at maximum load level of the first loading cycle of phase 4  
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Development of soil reaction during increasing lateral loading 

The following figures show the soil reaction during loading period of the first cycle of phase 1 

of all tests. Differences of the measured effective soil stresses Δσ'   m are  t  the stress state 

before loading (H = 0) are plotted. Soil stresses in upwind direction, downwind direction and 

resultants are shown from left to right. Darker lines indicate a higher lateral load H. 

 

 

Figure E-43: Changes of effective radial soil stresses due to the first loading period of test Z01 
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Figure E-44: Changes of effective radial soil stresses due to the first loading period of test Z02 

 

Figure E-45: Changes of effective radial soil stresses due to the first loading period of test Z03 
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Figure E-46: Changes of effective radial soil stresses due to the first loading period of test Z04 

 

Figure E-47: Changes of effective radial soil stresses due to the first loading period of test Z05 
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Figure E-48: Changes of effective radial soil stresses due to the first loading period of test Z06 

 

Figure E-49: Changes of effective radial soil stresses due to the first loading period of test Z07 
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Figure E-50: Changes of effective radial soil stresses due to the first loading period of test Z08 

 

Figure E-51: Changes of effective radial soil stresses due to the first loading period of test Z09 
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Figure E-52: Changes of effective radial soil stresses due to the first loading period of test Z10 

 

Figure E-53: Changes of effective radial soil stresses due to the first loading period of test Z11 
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Figure E-54: Changes of effective radial soil stresses due to the first loading period of test Z12 

 

Figure E-55: Changes of effective radial soil stresses due to the first loading period of test Z13 
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Figure E-56: Changes of effective radial soil stresses due to the first loading period of test Z14 

 

Figure E-57: Changes of effective radial soil stresses due to the first loading period of test Z15 
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Figure E-58: Changes of effective radial soil stresses due to the first loading period of test Z16 
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Development of soil reaction during first loading and unloading cycle 

The following figures show the soil reaction during loading and unloading of the first cycle of 

phase 1 of all tests. The measured effective radial soil stresses σ'rad are plotted over depth z. Soil 

stresses in upwind direction, downwind direction and resultants are shown from left to right. 

Solid lines show stresses during loading while dashe lines show stresses during unloading half 

cylces. Darker lines indicate a higher lateral load H. 

 

 

Figure E-59: Effective radial soil stresses due to first loading/unloading of test Z01 
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Figure E-60: Effective radial soil stresses due to first loading/unloading of test Z02 

 

Figure E-61: Effective radial soil stresses due to first loading/unloading of test Z03 
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Figure E-62: Effective radial soil stresses due to first loading/unloading of test Z04 

 

Figure E-63: Effective radial soil stresses due to first loading/unloading of test Z05 
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Figure E-64: Effective radial soil stresses due to first loading/unloading of test Z06 

 

Figure E-65: Effective radial soil stresses due to first loading/unloading of test Z07 
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Figure E-66: Effective radial soil stresses due to first loading/unloading of test Z08 

 

Figure E-67: Effective radial soil stresses due to first loading/unloading of test Z09 
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Figure E-68: Effective radial soil stresses due to first loading/unloading of test Z10 

 

Figure E-69: Effective radial soil stresses due to first loading/unloading of test Z11 
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Figure E-70: Effective radial soil stresses due to first loading/unloading of test Z12 

 

Figure E-71: Effective radial soil stresses due to first loading/unloading of test Z13 
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Figure E-72: Effective radial soil stresses due to first loading/unloading of test Z14 

 

Figure E-73: Effective radial soil stresses due to first loading/unloading of test Z15 
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Figure E-74: Effective radial soil stresses due to first loading/unloading of test Z16 
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Appendix F Cyclic lateral pile behaviour 

Pile head traces in horizontal plane 

The following figures show the traces of the pile head in the horizontal plane. Each symbol 

represents the pile head displacement in directions 0° and 90° after N = 0, 1, 10, 100, 1,000 and 

10,000 cycles of phases 1 to 5. The arrows at the markers representing N = 0 indicate the 

loading direction during the individual phases. 
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○ phase 1   ○ phase 2   △ phase 3   ○ phase 4   △ phase 5 

Figure F-1: Track of pile head displacement in horizontal plane 

during cyclic lateral loading from varying directions 

for tests Z01, Z02, Z03 and Z04 
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○ phase 1   ○ phase 2   △ phase 3   ○ phase 4   △ phase 5 

Figure F-2: Track of pile head displacement in horizontal plane 

during cyclic lateral loading from varying directions 

for tests Z05, Z06, Z07 and Z08 
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○ phase 1   ○ phase 2   △ phase 3   ○ phase 4   △ phase 5 

Figure F-3: Track of pile head displacement in horizontal plane 

during cyclic lateral loading from varying directions 

for tests Z09, Z10, Z11 and Z12 
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○ phase 1   ○ phase 2   △ phase 3   ○ phase 4   △ phase 5 

Figure F-4: Track of pile head displacement in horizontal plane 

during cyclic lateral loading from varying directions 

for tests Z13, Z14, Z15 and Z16 
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Pile head displacement accumulation (HCA formulation) 

 he f    wing  iagrams sh w the fi ti na  strain γacc = uacc/Lpile accumulated after the first, 

'irregular' cycle related to the amplitude function fampl for all pile groups. Markers indicate 

measured values, lines indicate fits according to Equation (6-13). The increasing courses in the 

positive domain show the accumulation in loading direction (∥). The decreasing courses in the 

negative domain show back-accumulation in direction transverse to the loading direction (⊥). 

For accumulation in both loading and unloading direction, the amplitude function 

fampl = (γampl,∥,mean/γref )Campl referring to the strain amplitude in loading direction (∥) is used to 

scale the accumulated strain. 

 

 

Figure F-5: Pile head displacement accumulation after first ('irregular') cycle 

of impact driven piles during phase 1 
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Figure F-6: Pile head displacement accumulation after first ('irregular') cycle 

of impact driven piles during phase 2 

 

Figure F-7: Pile head displacement accumulation after first ('irregular') cycle 

of impact driven piles during phase 3 
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Figure F-8: Pile head displacement accumulation after first ('irregular') cycle 

of impact driven piles during phase 4 

 

Figure F-9: Pile head displacement accumulation after first ('irregular') cycle 

of impact driven piles during phase 5 
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Figure F-10: Pile head displacement accumulation after first ('irregular') cycle 

of free vibratory driven piles with high eccentric moment 

and 'moderate' frequency control during phase 1 

 

Figure F-11: Pile head displacement accumulation after first ('irregular') cycle 

of free vibratory driven piles with high eccentric moment 

and 'moderate' frequency control during phase 2 
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Figure F-12: Pile head displacement accumulation after first ('irregular') cycle 

of free vibratory driven piles with high eccentric moment 

and 'moderate' frequency control during phase 3 

 

Figure F-13: Pile head displacement accumulation after first ('irregular') cycle 

of free vibratory driven piles with high eccentric moment 

and 'moderate' frequency control during phase 4 
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Figure F-14: Pile head displacement accumulation after first ('irregular') cycle 

of free vibratory driven piles with high eccentric moment 

and 'moderate' frequency control during phase 5 

 

Figure F-15: Pile head displacement accumulation after first ('irregular') cycle 

of free vibratory driven piles with high eccentric moment 

and 'aggressive' frequency control during phase 1 
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Figure F-16: Pile head displacement accumulation after first ('irregular') cycle 

of free vibratory driven piles with high eccentric moment 

and 'aggressive' frequency control during phase 2 

 

Figure F-17: Pile head displacement accumulation after first ('irregular') cycle 

of free vibratory driven piles with high eccentric moment 

and 'aggressive' frequency control during phase 3 
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Figure F-18: Pile head displacement accumulation after first ('irregular') cycle 

of free vibratory driven piles with high eccentric moment 

and 'aggressive' frequency control during phase 4 

 

Figure F-19: Pile head displacement accumulation after first ('irregular') cycle 

of free vibratory driven piles with high eccentric moment 

and 'aggressive' frequency control during phase 5 
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Figure F-20: Pile head displacement accumulation after first ('irregular') cycle 

of free vibratory driven piles with low eccentric moment during phase 1 

 

Figure F-21: Pile head displacement accumulation after first ('irregular') cycle 

of free vibratory driven piles with low eccentric moment during phase 2 
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Figure F-22: Pile head displacement accumulation after first ('irregular') cycle 

of free vibratory driven piles with low eccentric moment during phase 3 

 

Figure F-23: Pile head displacement accumulation after first ('irregular') cycle 

of free vibratory driven piles with low eccentric moment during phase 4 
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Figure F-24: Pile head displacement accumulation after first ('irregular') cycle 

of crane-guided vibratory driven piles with high eccentric moment during phase 1 

 

Figure F-25: Pile head displacement accumulation after first ('irregular') cycle 

of crane-guided vibratory driven piles with high eccentric moment during phase 2 
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Figure F-26: Pile head displacement accumulation after first ('irregular') cycle 

of crane-guided vibratory driven piles with high eccentric moment during phase 3 

 

Figure F-27: Pile head displacement accumulation after first ('irregular') cycle 

of crane-guided vibratory driven piles with high eccentric moment during phase 4 
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Figure F-28: Pile head displacement accumulation after first ('irregular') cycle 

of crane-guided vibratory driven piles with high eccentric moment during phase 5 

 

Figure F-29: Pile head displacement accumulation after first ('irregular') cycle 

of crane-guided vibratory driven piles with low eccentric moment during phase 1 
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Figure F-30: Pile head displacement accumulation after first ('irregular') cycle 

of crane-guided vibratory driven piles with low eccentric moment during phase 2 

 

Figure F-31: Pile head displacement accumulation after first ('irregular') cycle 

of crane-guided vibratory driven piles with low eccentric moment during phase 3 
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Figure F-32: Pile head displacement accumulation after first ('irregular') cycle 

of crane-guided vibratory driven piles with low eccentric moment during phase 4 

 

Figure F-33: Pile head displacement accumulation after first ('irregular') cycle 

of crane-guided vibratory driven piles with low eccentric moment during phase 5 
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To fit the measured values, soil constants CN2 = 0,65 and CN3 = 10-4 according to Equation (6-

13) were used in all cases. The strain accumulation differs in the 'biased' accumulation 

 arameter ĈN1 whi h is gi en in the f    wing tab e: 

Table F-1: Best fit parameters for pile head displacement accumulation described by HCA 

model (all tests, CLLT, phase 1) 

  ĈN1 [10-6]     

 test/group phase 1 phase 2 phase 3 phase 4 phase 5 

 Z01 16.9 20.4 12.0 9.4 14.1 

 Z02 14.7 15.6 10.5 10.0 -- 

 Z03 12.8 11.3 8.6 8.0 10.0 

 Z04 11.8 12.7 8.7 7.9 9.5 

 Z05 19.4 21.3 11.3 10.0 -- 

 Z06 15.2 16.4 10.0 10.0 12.0 

 Z07 11.4 13.9 8.9 10.0 -- 

 Z08 13.1 16.0 10.0 8.7 -- 

 Z09 14.5 17.9 11.2 10.0 12.7 

 Z10 12.0 11.8 9.4 8.8 -- 

 Z11 18.3 22.4 13.4 10.2 -- 

 Z12 18.5 23.4 13.0 10.7 16.8 

 Z13 18.8 22.8 12.9 10.0 -- 

 Z14 11.1 15.0 9.0 9.5 -- 

 Z15 16.7 17.8 10.2 10.0 12.6 

 Z16 16.2 15.1 13.6 10.1 12.3 

 mean values      

 impact 12.2 11.9 8.9 8.2 9.8 

 vibro (free-hi-aggr) 13.0 15.9 10.0 9.6 12.7 

 vibro (free-lo) 11.1 15.0 9.0 9.5 -- 

 vibro (guided-hi-fix) 16.5 16.5 11.9 10.0 12.5 

 vibro (guided-lo-fix) 18.5 22.9 13.1 10.3 16.8 
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Comparative diagrams of the accumulation behaviour for all tests and test groups and each 

phase are given in the following figures. 

 

 

Figure F-34: Comparison of accumulation behaviour of tests and tests groups during phase 1 
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Figure F-35: Comparison of accumulation behaviour of tests and tests groups during phase 2 

 

Figure F-36: Comparison of accumulation behaviour of tests and tests groups during phase 3 
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Figure F-37: Comparison of accumulation behaviour of tests and tests groups during phase 4 

 

Figure F-38: Comparison of accumulation behaviour of tests and tests groups during phase 5  
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 he f    wing figures sh w the 'biase ' a  umu ati n  arameter ĈN1 versus the first cycles 

permanent fictional strain uperm,N=1/Lpile for all tests and test phases. Accmulation parameters 

CN2 = 0,65 and CN3 = 10-4 according to Equation (6-13) were used in all cases. 

 

 

Figure F-39: Biased accumulation parameter over permanent fictional strain 

of first cycle of phase 1 
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Figure F-40: Biased accumulation parameter over permanent fictional strain 

of first cycle of phase 2 

 

Figure F-41: Biased accumulation parameter over permanent fictional strain 

of first cycle of phase 3 
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Figure F-42: Biased accumulation parameter over permanent fictional strain 

of first cycle of phase 4 

 

Figure F-43: Biased accumulation parameter over permanent fictional strain 

of first cycle of phase 5  
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Back-accumulation 

The following figures show detailed plots of the load displacement behaviour in loading 

direction and in transverse direction for specific cycles of phases 2, 3, and 5 of all tests. 

 

 

Figure F-44: Hysteresis loops (top) and pile head movement on cycle level 

in horizontal plane (bottom) for phases 2, 3 and 5 of test Z01 

 

 

Figure F-45: Hysteresis loops (top) and pile head movement on cycle level 

in horizontal plane (bottom) for phases 2 and 3 of test Z02 
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Figure F-46: Hysteresis loops (top) and pile head movement on cycle level 

in horizontal plane (bottom) for phases 2, 3 and 5 of test Z03 

 

 

Figure F-47: Hysteresis loops (top) and pile head movement on cycle level 

in horizontal plane (bottom) for phases 2 and 3 of test Z04 
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Figure F-48: Hysteresis loops (top) and pile head movement on cycle level 

in horizontal plane (bottom) for phases 2 and 3 of test Z05 

 

 

Figure F-49: Hysteresis loops (top) and pile head movement on cycle level 

in horizontal plane (bottom) for phases 2, 3 and 5 of test Z06 
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Figure F-50: Hysteresis loops (top) and pile head movement on cycle level 

in horizontal plane (bottom) for phases 2 and 3 of test Z07 

 

 

Figure F-51: Hysteresis loops (top) and pile head movement on cycle level 

in horizontal plane (bottom) for phases 2, 3 and 5 of test Z08 
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Figure F-52: Hysteresis loops (top) and pile head movement on cycle level 

in horizontal plane (bottom) for phases 2, 3 and 5 of test Z09 

 

 

Figure F-53: Hysteresis loops (top) and pile head movement on cycle level 

in horizontal plane (bottom) for phases 2 and 3 of test Z10 
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Figure F-54: Hysteresis loops (top) and pile head movement on cycle level 

in horizontal plane (bottom) for phases 2 and 3 of test Z11 

 

 

Figure F-55: Hysteresis loops (top) and pile head movement on cycle level 

in horizontal plane (bottom) for phases 2, 3 and 5 of test Z12 
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Figure F-56: Hysteresis loops (top) and pile head movement on cycle level 

in horizontal plane (bottom) for phases 2 and 3 of test Z13 

 

 

Figure F-57: Hysteresis loops (top) and pile head movement on cycle level 

in horizontal plane (bottom) for phases 2 and 3 of test Z14 
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Figure F-58: Hysteresis loops (top) and pile head movement on cycle level 

in horizontal plane (bottom) for phases 2, 3 and 5 of test Z15 

 

 

Figure F-59: Hysteresis loops (top) and pile head movement on cycle level 

in horizontal plane (bottom) for phases 2, 3 and 5 of test Z16 
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Mudline subsidence 

The following figures show the soil subsidence measured around the pile (cf. Figure 5-19) after 

each loading phase for different tests. 

 

 

Figure F-60: Soil subsidence around pile Z04 after end of each loading phase 
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Figure F-61: Soil subsidence around pile Z05 after end of each loading phase 

 

Figure F-62: Soil subsidence around pile Z06 after end of each loading phase 
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Figure F-63: Soil subsidence around pile Z09 after end of each loading phase 

 

Figure F-64: Soil subsidence around pile Z11 after end of each loading phase 
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Figure F-65: Soil subsidence around pile Z12 after end of each loading phase 

 

Figure F-66: Soil subsidence around pile Z13 after end of each loading phase 
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Figure F-67: Soil subsidence around pile Z14 after end of each loading phase 

 

Figure F-68: Soil subsidence around pile Z15 after end of each loading phase 

0

2

4

6

8
0

45

90

135

180

225

270

315

Z14 - CLLT - soil subsidence 

Phase 1

Phase 2

Phase 3

Phase 4

Phase 5θ [°]

Δz0

[cm]

0

2

4

6

8
0

45

90

135

180

225

270

315

Z15 - CLLT - soil subsidence 

Phase 1

Phase 2

Phase 3

Phase 4θ [°]

Δz0

[cm]



Cyclic lateral pile behaviour 

- 329 - 

 

Figure F-69: Soil subsidence around pile Z16 after end of each loading phase 
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Pile head displacement accumulation ('classical' formulation) 

The following diagrams show the displacement accumulation function fN for all pile groups. 

Markers indicate measured values, lines indicate fits according to Equation (2-31). The 

increasing courses in the positive domain show the accumulation in loading direction (∥). The 

decreasing courses in the negative domain show back-accumulation in direction transverse to 

the loading direction (⊥). For accumulation in loading direction, the accumulation function is 

defined as fN = uperm,∥(N)/uperm,∥(1), for back-accumulation, the accumulation function is defined 

as fN = uperm,⊥(N)/uperm,∥(1). For test phases 1, 2, 3 and 5, the log-linear accumulation 

formulation was fitted to the measured data, for phase 4 a power law was used. 

 

 

Figure F-70: Pile head displacement accumulation of impact driven piles 

during phase 1 after 'classical' formulation 
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Figure F-71: Pile head displacement accumulation of impact driven piles 

during phase 2 after 'classical' formulation 

 

Figure F-72: Pile head displacement accumulation of impact driven piles 

during phase 3 after 'classical' formulation 
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Figure F-73: Pile head displacement accumulation of impact driven piles 

during phase 4 after 'classical' formulation 

 

Figure F-74: Pile head displacement accumulation of impact driven piles 

during phase 5 after 'classical' formulation 
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Figure F-75: Pile head displacement accumulation of free vibratory driven piles 

with high eccentric moment and 'aggressive' frequency control 

during phase 1 after 'classical' formulation 

 

Figure F-76: Pile head displacement accumulation of free vibratory driven piles 

with high eccentric moment and 'aggressive' frequency control 

during phase 1 after 'classical' formulation 



Appendix F 

- 334 - 

 

Figure F-77: Pile head displacement accumulation of free vibratory driven piles 

with high eccentric moment and 'aggressive' frequency control 

during phase 1 after 'classical' formulation 

 

Figure F-78: Pile head displacement accumulation of free vibratory driven piles 

with high eccentric moment and 'aggressive' frequency control 

during phase 1 after 'classical' formulation 



Cyclic lateral pile behaviour 

- 335 - 

 

Figure F-79: Pile head displacement accumulation of free vibratory driven piles 

with high eccentric moment and 'aggressive' frequency control 

during phase 1 after 'classical' formulation 

 

Figure F-80: Pile head displacement accumulation of free vibratory driven piles 

with high eccentric moment and 'aggressive' frequency control 

during phase 1 after 'classical' formulation 
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Figure F-81: Pile head displacement accumulation of free vibratory driven piles 

with high eccentric moment and 'aggressive' frequency control 

during phase 2 after 'classical' formulation 

 

Figure F-82: Pile head displacement accumulation of free vibratory driven piles 

with high eccentric moment and 'aggressive' frequency control 

during phase 3 after 'classical' formulation 



Cyclic lateral pile behaviour 

- 337 - 

 

Figure F-83: Pile head displacement accumulation of free vibratory driven piles 

with high eccentric moment and 'aggressive' frequency control 

during phase 4 after 'classical' formulation 

 

Figure F-84: Pile head displacement accumulation of free vibratory driven piles 

with high eccentric moment and 'aggressive' frequency control 

during phase 5 after 'classical' formulation 
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Figure F-85: Pile head displacement accumulation of free vibratory driven piles 

with low eccentric moment during phase 1 after 'classical' formulation 

 

Figure F-86: Pile head displacement accumulation of free vibratory driven piles 

with low eccentric moment during phase 2 after 'classical' formulation 
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Figure F-87: Pile head displacement accumulation of free vibratory driven piles 

with low eccentric moment during phase 3 after 'classical' formulation 

 

Figure F-88: Pile head displacement accumulation of free vibratory driven piles 

with low eccentric moment during phase 4 after 'classical' formulation 



Appendix F 

- 340 - 

 

Figure F-89: Pile head displacement accumulation of crane-guided vibratory driven piles 

with high eccentric moment during phase 1 after 'classical' formulation 

 

Figure F-90: Pile head displacement accumulation of crane-guided vibratory driven piles 

with high eccentric moment during phase 2 after 'classical' formulation 
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Figure F-91: Pile head displacement accumulation of crane-guided vibratory driven piles 

with high eccentric moment during phase 3 after 'classical' formulation 

 

Figure F-92: Pile head displacement accumulation of crane-guided vibratory driven piles 

with high eccentric moment during phase 4 after 'classical' formulation 
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Figure F-93: Pile head displacement accumulation of crane-guided vibratory driven piles 

with high eccentric moment during phase 5 after 'classical' formulation 

 

Figure F-94: Pile head displacement accumulation of crane-guided vibratory driven piles 

with low eccentric moment during phase 1 after 'classical' formulation 
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Figure F-95: Pile head displacement accumulation of crane-guided vibratory driven piles 

with low eccentric moment during phase 2 after 'classical' formulation 

 

Figure F-96: Pile head displacement accumulation of crane-guided vibratory driven piles 

with low eccentric moment during phase 3 after 'classical' formulation 
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Figure F-97: Pile head displacement accumulation of crane-guided vibratory driven piles 

with low eccentric moment during phase 4 after 'classical' formulation 

 

Figure F-98: Pile head displacement accumulation of crane-guided vibratory driven piles 

with low eccentric moment during phase 5 after 'classical' formulation 
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Cyclic secant stiffness 

The following diagrams show the measured pile head secant stiffness during loading cycles 

Elat,sec,load related to the secant loading stiffness of the first 'regular' cycle (N = 2) for all pile 

groups and test phases. Markers indicate measured values, lines indicate logarithmic fits. 

 

 

Figure F-99: Development of pile head secant stiffness 

of impact driven piles during phase 1 
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Figure F-100: Development of pile head secant stiffness 

of impact driven piles during phase 2 

 

Figure F-101: Development of pile head secant stiffness 

of impact driven piles during phase 3 
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Figure F-102: Development of pile head secant stiffness 

of impact driven piles during phase 4 

 

Figure F-103: Development of pile head secant stiffness 

of impact driven piles during phase 5 
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Figure F-104: Development of pile head secant stiffness of free vibratory driven piles 

with high eccentric moment and 'moderate' frequency control during phase 1 

 

Figure F-105: Development of pile head secant stiffness of free vibratory driven piles 

with high eccentric moment and 'moderate' frequency control during phase 2 
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Figure F-106: Development of pile head secant stiffness of free vibratory driven piles 

with high eccentric moment and 'moderate' frequency control during phase 3 

 

Figure F-107: Development of pile head secant stiffness of free vibratory driven piles 

with high eccentric moment and 'moderate' frequency control during phase 4 
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Figure F-108: Development of pile head secant stiffness of free vibratory driven piles 

with high eccentric moment and 'moderate' frequency control during phase 5 

 

Figure F-109: Development of pile head secant stiffness of free vibratory driven piles 

with high eccentric moment and 'aggressive' frequency control during phase 1 
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Figure F-110: Development of pile head secant stiffness of free vibratory driven piles 

with high eccentric moment and 'aggressive' frequency control during phase 2 

 

Figure F-111: Development of pile head secant stiffness of free vibratory driven piles 

with high eccentric moment and 'aggressive' frequency control during phase 3 
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Figure F-112: Development of pile head secant stiffness of free vibratory driven piles 

with high eccentric moment and 'aggressive' frequency control during phase 4 

 

Figure F-113: Development of pile head secant stiffness of free vibratory driven piles 

with high eccentric moment and 'aggressive' frequency control during phase 5 
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Figure F-114: Development of pile head secant stiffness 

of free vibratory driven pile with low eccentric moment during phase 1 

 

Figure F-115: Development of pile head secant stiffness 

of free vibratory driven pile with low eccentric moment during phase 2 
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Figure F-116: Development of pile head secant stiffness 

of free vibratory driven pile with low eccentric moment during phase 3 

 

Figure F-117: Development of pile head secant stiffness 

of free vibratory driven pile with low eccentric moment during phase 4 
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Figure F-118: Development of pile head secant stiffness 

of crane-guided vibratory driven piles with high eccentric moment during phase 1 

 

Figure F-119: Development of pile head secant stiffness 

of crane-guided vibratory driven piles with high eccentric moment during phase 2 
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Figure F-120: Development of pile head secant stiffness 

of crane-guided vibratory driven piles with high eccentric moment during phase 3 

 

Figure F-121: Development of pile head secant stiffness 

of crane-guided vibratory driven piles with high eccentric moment during phase 4 
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Figure F-122: Development of pile head secant stiffness 

of crane-guided vibratory driven piles with high eccentric moment during phase 5 

 

Figure F-123: Development of pile head secant stiffness 

of crane-guided vibratory driven piles with low eccentric moment during phase 1 
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Figure F-124: Development of pile head secant stiffness 

of crane-guided vibratory driven piles with low eccentric moment during phase 2 

 

Figure F-125: Development of pile head secant stiffness 

of crane-guided vibratory driven piles with low eccentric moment during phase 3 
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Figure F-126: Development of pile head secant stiffness 

of crane-guided vibratory driven piles with low eccentric moment during phase 4 

 

Figure F-127: Development of pile head secant stiffness 

of crane-guided vibratory driven piles with low eccentric moment during phase 5  
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Dynamic stiffness 

The following figures show the pile's bending mode eigenfrequency determined by lateral 

frequency response tests (LFRT) after pile installation and after each phase of cyclic lateral 

loading. The horizontal axis indicates the test phase (0 indicates undisturbed system before 

start of lateral loading) and also gives the corresponding loading direction. For each test cluster 

(grouped according to installation parameters) two diagram are given for eigenfrequencies 

determined in directions of 0° and 90°. 
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Figure F-128: Measured bending mode eigenfrequencies of impact driven piles 

over test phases in direction of 0° 

 

 

Figure F-129: Measured bending mode eigenfrequencies of impact driven piles 

over test phases in direction of 90° 

n.a. 0 90 0 0 90

0

0.2

0.4

0.6

0.8

1

1.2

19

20

21

22

23

24

0 1 2 3 4 5

θH [°]

f 0
,la

t
[H

z]

phase [-]

LFRT (end of phase, 0°)

Z03

Z04

Z10

n.a. 0 90 0 0 90

0

0.2

0.4

0.6

0.8

1

1.2

19

20

21

22

23

24

0 1 2 3 4 5

θH [°]

f 0
,la

t
[H

z]

phase [-]

LFRT (end of phase, 90°)

Z03

Z04

Z10



Appendix F 

- 362 - 

 

Figure F-130: Measured bending mode eigenfrequencies 

of free vibratory driven piles with high eccentric moment and 'aggressive' frequency control 

over test phases in direction of 0° 

 

 

Figure F-131: Measured bending mode eigenfrequencies 

of free vibratory driven piles with high eccentric moment and 'aggressive' frequency control 

over test phases in direction of 90° 
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Figure F-132: Measured bending mode eigenfrequencies 

of free vibratory driven piles with high eccentric moment and 'moderate' frequency control 

over test phases in direction of 0° 

 

 

Figure F-133: Measured bending mode eigenfrequencies 

of free vibratory driven piles with high eccentric moment and 'moderate' frequency control 

over test phases in direction of 0° 
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Figure F-134: Measured bending mode eigenfrequencies 

of free vibratory driven pile with low eccentric moment (blue) 

and crane-guided vibratory driven piles with high eccentric moment (magenta) 

over test phases in direction of 0° 

 

Figure F-135: Measured bending mode eigenfrequencies 

of free vibratory driven pile with low eccentric moment (blue) 

and crane-guided vibratory driven piles with high eccentric moment (magenta) 

over test phases in direction of 90° 
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Figure F-136: Measured bending mode eigenfrequencies 

of crane-guided vibratory driven piles with low eccentric moment 

over test phases in direction of 0° 

 

 

Figure F-137: Measured bending mode eigenfrequencies 

of crane-guided vibratory driven piles with low eccentric moment 

over test phases in direction of 90°  
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Soil stress developments 

The following figures show the development of radial effective soil stress profiles over several 

phases of cyclic lateral loading from changing directions for all tests. 

 

 

Figure F-138: Development of radial effective soil stress profiles over tests phases for pile Z01 
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Figure F-139: Development of radial effective soil stress profiles over tests phases for pile Z02 

 

Figure F-140: Development of radial effective soil stress profiles over tests phases for pile Z03 
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Figure F-141: Development of radial effective soil stress profiles over tests phases for pile Z04 

 

Figure F-142: Development of radial effective soil stress profiles over tests phases for pile Z05 
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Figure F-143: Development of radial effective soil stress profiles over tests phases for pile Z06 

 

Figure F-144: Development of radial effective soil stress profiles over tests phases for pile Z07 
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Figure F-145: Development of radial effective soil stress profiles over tests phases for pile Z08 

 

Figure F-146: Development of radial effective soil stress profiles over tests phases for pile Z09 
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Figure F-147: Development of radial effective soil stress profiles over tests phases for pile Z10 

 

Figure F-148: Development of radial effective soil stress profiles over tests phases for pile Z11 
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Figure F-149: Development of radial effective soil stress profiles over tests phases for pile Z12 

 

Figure F-150: Development of radial effective soil stress profiles over tests phases for pile Z013 
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Figure F-151: Development of radial effective soil stress profiles over tests phases for pile Z14 

 

Figure F-152: Development of radial effective soil stress profiles over tests phases for pile Z15 
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Figure F-153: Development of radial effective soil stress profiles over tests phases for pile Z16 
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Appendix G HCA model formulation and parameters 

 he a  umu ate  strain γacc (after the first, irregular cycle, see Figure 2-15) is described by the 

flow rule m multiplied with a number of empirical functions fj whose coefficients Cj may be 

calibrated by cyclic laboratory tests or taken from empirical correlations with the grain 

distribution (WICHTMANN & TRIANTAFYLLIDIS 2011): 

 γacc(Nreg) = m ∙ fampl ∙ fp ∙ fY ∙ fe ∙ fN (G-1) 

 he fun ti n f r the mean strain am  itu e γampl,mean yields  

 fampl = (
γampl,mean

γref
)
Campl

 (G-2) 

with the referen e strain γref = 10-4 and the constant Campl = 1.7. 

The function for the mean stress state pav [kN/m²] is described by 

 fp = exp [−Cp ∙ (
pav
pref

− 1)] (G-3) 

with the atmospheric pressure pref = 100 kPa and 

 Cp = 0.41 ∙ [1 − 0.34 ∙ (d50 − 0.6)] (G-4) 

with the mean grain size d50 [mm]. 

The function for the void ratio e [-] is described by 

 fe =
(Ce − e)

2

1 + e
∙
1 + emax

(Ce − emax)2
 (G-5) 

with the min and max void ratios emin and emax [-] and 

 Ce = 0.95 ∙ emin (G-6) 

The function for the stress ratio is described by 

 fY = exp[CY ∙ Y̅] (G-7) 

with 

 CY = 2.60 ∙ [1 + 0.12 ∙ ln(d50/0.6)] (G-8) 

 
Y̅ =

Y − 9

Yc − 9
 

(G-9) 

with 
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 Y =
27 ∙ (3 + ηav)

(3 + 2ηav)(3 − ηav)
 (G-10) 

 ηav = qav/pav (G-11) 

 Yc =
9 − sin2φc
1 − sin2φc

 (G-12) 

The function for the number of cycles is described by 

 fN = CN1 ∙ [ln(CN2 ∙ (Nreg) + 1) + CN3 ∙ Nreg] (G-13) 

WICHTMANN & TRIANTAFYLLIDIS (2011) suggest to calibrate at least the parameters CN1, CN2 and 

CN3 on cyclic tests. The following table gives coefficients for the HCA model based on empirical 

correlations with emin, d50, and CU (WICHTMANN & TRIANTAFYLLIDIS 2011) as well as coefficients 

calibrated on cyclic triaxial tests by NAWABI (2021). 

Table G-1: Coefficients for HCA model 

coefficient empirical correlation 

(WICHTMANN & TRIANTAFYLLIDIS 2011) 

calibration on laboratory tests 

(NAWABI 2021) 

Campl 1.70 1.68 

Ce 0.452 0.45 

Cp 0.439 0.50 

CY 2.47 3.34 

CN1 1. 5∙1 -3 2.55∙1 -4 

CN2 0.041 0.35 

CN3 7.28∙10-5 1.2∙1 -6 

 

The HCA model uses a soil state parameter gA  to describe the soil's loading history based on 

the function fampl considering the amplitude of cyclic loading, the number of cycles Nreg and the 

(cyclic) soil constants CN1 and CN2: 

 gA = fampl ∙ fN
A = fampl ∙ CN1 ∙ ln(1 + CN2 ∙ Nreg) (G-14) 

For an incremental procedure to calculate gA for load packages with different amplitudes see 

WICHTMANN & TRIANTAFYLLIDIS (2011).  
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Appendix H Numerical calculations 

Numerical model 

The lateral pile behaviour is described by a one-dimensional bedded beam model. The general 

formulation is 

for the dynamic case (cf. Sections 2.3.2 and 7.3.1). For the static case (cf. Sections 2.3.1 and 

7.2.1), time-dependent effects (damping and inertia) can be ignored and Equation (H-1) 

simplifies to 

 𝐏 = 𝐊 ∙ 𝐲 (H-2) 

The load vector P consists of the lateral load H and bending moment M applied at the top node:  

 𝐏 =

(

 
 

H
M
0
⋮
0)

 
 

 (H-3) 

The deformation vector y consists of the local lateral displacements yi an     a  in  inati ns ψi 

at node i: 

 𝐲 =

(

 
 

y1
ψ1
⋮

ynel+1
ψnel+1)

 
 

 (H-4) 

Stiffness, damping and mass matrices K, C and M are composed of pile and soil parts, e.g.: 

 𝐊 = 𝐊𝐩𝐢𝐥𝐞 + 𝐊𝐬𝐨𝐢𝐥 (H-5) 

Pile and soil matrices are assembled of element matrices. For the pile, the formulation of the 

Euler-Bernoulli beam is used: 

 𝐊𝐩𝐢𝐥𝐞,𝐢 = 
EI

dL3
∙ [

12 6 ∙ dL −12 6 ∙ dL
6 ∙ dL 4 ∙ dL2 −6 ∙ dL 2 ∙ dL2

−12 −6 ∙ dL 12 −6 ∙ dL
6 ∙ dL 2 ∙ dL2 −6 ∙ dL 4 ∙ dL2

] (H-6) 

 𝐏(t) = 𝐊 ∙ 𝐲(t) + 𝐂 ∙ �̇�(t) + 𝐌 ∙ �̈�(t) (H-1) 
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𝐌𝐩𝐢𝐥𝐞,𝐢 = 
Apile  ∙ ρ ∙ dL

420

∙ [

156 22 ∙ dL 54 −13 ∙ dL
22 ∙ dL 4 ∙ dL2 13 ∙ dL −3 ∙ dL2

54 13 ∙ dL 156 −22 ∙ dL
−13 ∙ dL −3 ∙ dL2 −22 ∙ dL 4 ∙ dL2

] 
(H-7) 

dL is the pile element length. Pile damping is neglected (Cpile = 0). The soil springs only apply 

shear forces on the nodes: 

with Epy depending on the formulation of the lateral bedding (e.g. p-y curves, cf. Sections 2.3.1, 

2.3.3, 7.2.2, and 7.3.1). 

The damping matrix is equivalent to the stiffness matrix with the damping coefficient Cpy used 

instead of the spring stiffness Epy. Damping is assumed to act on the full circumference of the 

 i e π∙Dpile: 

with 

The mass matri   f the s i  is e ui a ent t  that  f the  i e but with the s i  unit weight ρsoil 

applied to the volume of the soil plug Aplug∙  : 

 

𝐌𝐬𝐨𝐢𝐥,𝐢 = 
Aplug  ∙ ρsoil  ∙ dL

420


∙  [

156 22 ∙ dL 54 −13 ∙ dL
22 ∙ dL 4 ∙ dL2 13 ∙ dL −3 ∙ dL2

54 13 ∙ dL 156 −22 ∙ dL
−13 ∙ dL −3 ∙ dL2 −22 ∙ dL 4 ∙ dL2

] 
(H-11) 

 

 𝐊𝐬𝐨𝐢𝐥,𝐢 = Epy ∙ dL ∙  [

0.5 0 0 0
0 0 0 0
0 0 0.5 0
0 0 0 0

] (H-8) 

 𝐂𝐬𝐨𝐢𝐥,𝐢 = Cpy ∙ dL ∙ π ∙ Dpile ∙ [

0.5 0 0 0
0 0 0 0
0 0 0.5 0
0 0 0 0

] (H-9) 

 Cpy = √Gd ∙ ρsoil (H-10) 
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The full matrices consist of nel element matrices with nel+1 nodes. In the assembly procedure, 

the four upper left entries of an element matrix are added to the four lower right entries of the 

prior element matrix: 

        
        
        
        
        
        
        
        

Figure H-1: Matrix assembly 
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Prediction of static lateral behaviour of model pile 

The following figures show the calculated lateral pile behaviour. Lateral load H and pile head 

stiffness Elat are plotted over pile head displacement u. Pile head displacement is extrapolated 

to 0.6 m above mudline to allow for comparison with measurements (coloured lines). To 

represent the measurements, load-displacement curves according to Equation (6-7) with 

parameters from Table 6-3 are plotted. Bending  ine y, in  inati n ψ, ben ing m ment  , shear 

force Q, mobilised bedding reaction ppy together with yield bedding resistance ppy,ult (grey), and 

un er ying stress  r fi e σ are    tte    er  e th  .  

The following table gives the resulting pile head displacements at 0.6 m above mudline at 

maximum load level and the mobilised shear forces at the pile base. 

Table H-1: Pile head displacements and mobilised base shear forces for model pile 

variant u [mm] u/max u [-] Qbase,mob [kN] 

with base shear 

no installation effect 3.33 1.00 -4.5 

insta  ati n effe t (αpen = 1.6) 2.53 0.76 -14.6 

without base shear 

no installation effect 3.53 1.00 0 

insta  ati n effe t (αpen = 1.6) 2.85 0.81 0 
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Figure H-2: Pile head results (top) and stress resultants (bottom) 

of model pile with base shear and variation of installation effect 

measurements: 
impact driven 
vibro driven, crane-guided 
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Figure H-3: Pile head results (top) and stress resultants (bottom) 

of model pile without base shear and variation of installation effect 

no base shear! 

measurements: 
impact driven 
vibro driven, crane-guided 
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Prediction of static lateral behaviour of generic monopile 

The following figures show the calculated lateral pile behaviour. Lateral load H and pile head 

stiffness Elat are plotted over pile head displacement u. Bending line y, inclinati n ψ, bending 

moment M, shear force Q, mobilised bedding reaction ppy together with yield bedding resistance 

ppy,ult (grey), an  un er ying stress  r fi e σ are    tte    er  e th  .  
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Figure H-4: Pile head results (top) and stress resultants (bottom) 

of 7.8 m monopile at different soil friction angles 
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Figure H-5: Pile head results (top) and stress resultants (bottom) 

of 7.8 m monopile with base shear and variants of installation effect 
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Figure H-6: Pile head results (top) and stress resultants (bottom) 

of 5 m monopile with base shear and variants of installation effect 
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Figure H-7: Pile head results (top) and stress resultants (bottom) 

of 5 m monopile without base shear and variants of installation effect 

no base shear! 
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Sensitivity of shape factor according to ALM & HAMRE (2002) 

The following figure sh ws the inf uen e  f  ifferent      r fi es ( eft   n the sha e fa t r αpen 

according to ALM & HAMRE (2002) (mi   e  an  the  e ay fun ti n  f s i  stresses βz (right). 

Note that low CPT values (thin, grey) lead to low absolute values of the shape factor and thus a 

more moderate decay function, resulting in higher overall soil stresses. 

 

Figure H-8: Typical CPT readings from offshore locations in the German North Sea (left), 

resulting shape factors (middle) and soil strength reduction profiles (right)  
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