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 ABSTRACT 
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Abstract 

During impact driving of open-ended piles through cohesion-less soil the internal soil column 
may mobilize enough internal shaft resistance to prevent new soil from entering the pile. This 
phenomena, referred to as soil plugging, changes the driving characteristics of the open-ended 
pile to that of a closed-ended, full displacement pile. If the plugging behavior is not correctly 
understood, the result is often that unnecessarily powerful and costly hammers are used because 
of high predicted driving resistance or that the pile plugs unexpectedly such that the hammer 
cannot achieve further penetration.  

Today the user is generally required to model the pile response on the basis of a plugged or 
unplugged pile, indicating a need to be able to evaluate soil plugging prior to performing the 
drivability analysis and before using the results as basis for decision. This MSc. thesis focuses 
on soil plugging during impact driving of open-ended piles in cohesion-less soil and aims to 
contribute to the understanding of this area by evaluating models for predicting soil plugging 
and driving resistance of open-ended piles. Evaluation was done on the basis of known soil 
plugging mechanisms and practical aspects of pile driving. Two recently published models, one 
for predicting the likelihood of plugging and the other for predicting the driving resistance of 
open-ended piles, were compared to existing models.  
 
The main outcomes from the model evaluations are: 

• Internal shaft resistance, pile diameter and pile velocity/acceleration were found to be 
the primary input parameters affecting the result in the models used to predict if soil 
plugging is likely to occur. 

• The pile diameter was shown to have less influence on the calculated driving resistance 
in the recently published model, derived from measurements of plug length ratios, 
compared to in the existing model. 

 
This thesis also includes a full-scale field study conducted during the initial piling operations 
for the construction of the new Värtahamnen seaport in Stockholm (Sweden). The soil 
conditions cause the piles to be driven through very dense post glacial moraine, in which little 
is known about soil plugging. The drivability performance of 146 open-ended and closed-ended 
steel pipe piles with diameters ranging from 914-1168 mm was compared through analysis of 
driving records. The aim was to evaluate if open-ended piles resulted in a drivability related 
gain and if so during which part of the installation process. The driving records were used to 
quantify the performance in terms of driving time and energy required to drive the piles. 

The main conclusions from the field study are: 
• Significant time savings were achieved by using open-ended piles instead of closed-

ended piles. The time advantage was bigger during impact driving, compared to 
vibratory driving, and on average the impact driving of open-ended piles took 9 minutes 
versus 26 minutes for closed-ended piles. 

• Contrary to what was expected, namely that the open-ended piles would result in lower 
driving resistance, the results indicate that the majority of the time savings came from 
open-ended piles being more stable during driving and thereby requiring fewer 
adjustments. 

Keywords: Soil plugging, impact driving, driving resistance, driving records
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Sammanfattning 

Under slagdrivning av öppna pålar i friktionsjord förekommer det att den interna jordpelaren 
mobiliserar tillräckligt mycket internt mantelmotstånd för att förhindra inträngning av ny jord. 
Detta fenomen, på svenska vanligen kallat jordpluggning, medför att drivbeteendet för pålen 
övergår till att likna det hos en sluten och massundanträngande påle. Oförmåga att på ett korrekt 
sätt beakta jordpluggning medför ofta att drivmotståndet för öppna pålar antingen överskattas, 
vilket medför att onödigt kraftfull och kostsam utrustning används, eller underskattas vilket kan 
medföra att pålen pluggar och inte kan drivas till avsett djup. 

I dagsläget kräver drivbarhetsanalyser generellt sett att användaren måste modellera pålen som 
en pluggad eller opluggad påle. Detta medför att det finns ett behov att kunna utvärdera 
jordpluggning innan drivbarhetsanalysen genomförs, samt även vid utvärdering av resultaten 
från drivbarhetsanalysen. Detta examensarbete fokuserar på jordpluggning vid slagdrivning av 
öppna pålar i friktionsjord och syftar till att öka kunskapen inom området genom att utvärdera 
modeller som kan användas för att uppskatta huruvida jordpluggning är sannolikt, samt 
modeller för att uppskatta drivmotståndet för öppna pålar. Utvärderingen av nämnda modeller 
skedde med utgångspunkt i kända mekanismer som förknippas med jordpluggning, samt i 
praktiska aspekter av påldrivning. Två nyligen publicerade modeller, en avsedd att utvärdera 
huruvida pluggning är sannolikt och den andra för att uppskatta det förväntade drivmotståndet, 
jämfördes med befintliga modeller för samma ändamål. 

De huvudsakliga slutsatserna av modellutvärderingen är: 
• Internt mantelmotstånd, pålens diameter samt pålens hastighet/acceleration var de 

faktorer som hade störst inverkan på resultatet hos de modeller som avser utvärdera 
huruvida jordpluggning är att förvänta. 

• Pålens diameter visade sig få mindre inverkan på beräknat drivmotstånd i den nyligen 
publicerade modellen, baserad på mätningar av plugglängd relativt penetrationsdjup, 
jämfört med i den befintliga modellen. 

Examensarbetet innefattar även en fältstudie genomförd under inledningen av pålningsarbetet 
vid uppförandet av nya Värtahamnen i Stockholm. Markförhållandena på platsen medför att 
pålarna drivs genom bottenmorän, ett jordförhållande där det i stor utsträckning saknas 
erfarenheter relaterade till jordpluggning. Med hjälp av pålprotokoll jämfördes drivbarheten 
hos 146 öppna och slutna pålar med diametrar 914-1168 mm. Målet var att fastställa huruvida 
öppna pålar medförde ökad drivbarhet och i så fall under vilket skede av drivprocessen. 
Pålprotokollen användes för att kvantifiera vinsten i form av drivtid samt erforderlig drivenergi. 

De huvudsakliga slutsatserna från fältstudien är: 
• Betydande tidsvinst kunde påvisas för öppna pålar, jämfört med stängda pålar. 

Tidsvinsten var större under slagdrivning än under vibrationsdrivning och i snitt 9 
minuter jämfört med 26 minuter för stängda pålar. 

• I motsats till det förväntade utfallet, nämligen att de öppna pålarna inte skulle plugga, 
antyder resultaten att majoriteten av tidsvinsten kan kopplas till att de öppna pålarna var 
mer stabila under drivning vilket resulterade i färre korrigeringar. 

•  

Nyckelord: Jordpluggning, slagdrivning, drivmotstånd, pålprotokoll
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Symbols and abbreviations 

Roman letters   
 Average acceleration [m/s2] 

A Cross sectional area [m2] 
c Stress wave velocity [m/s] 
Cu Undrained shear strength [Pa] 
CAPWAP  CAse Wave Analysis Program [-] 
CPT Cone Penetration Test [-] 
d Width of internal soil column [m] 
D External pile diameter [m] 
Di Driving force [N] 
Dinside Internal pile diameter [m] 
Dpenetration Penetration depth [m] 
DR Driving Resistance [-] 
dz Height of internal soil column when differentiated into slices [m] 
e Void ratio [-] 
E Young/Elasticity modulus [Pa] 
Edriving Driving energy [J] 
EOD End Of Driving [-] 
Ff Internal shaft resistance [N] 
FI Inertia of soil plug [N] 
FP Pile capacity factor [-] 
fs Internal unit shaft resistance [Pa] 
g Acceleration of earth’s gravity [m/s2] 
h Height of internal soil column [m] 
hdrop Drop height [m] 
IFR Incremental Filling Ratio [-] 
K Ratio of horizontal to vertical stress [-] 
LB Lower Bound [-] 
Lplug Length of soil plug [m] 
M Mass [kg] 
NC Bearing capacity factor [-] 
Nq Bearing capacity factor [-] 
OCR Over Consolidation Ratio [-] 
p Surcharge applied at z=0 [Pa] 
PLR Plug Length Ratio [-] 
qb Unit toe resistance for soil plug [Pa] 
qbd Drained unit toe resistance for soil plug [Pa] 
qbu Undrained unit toe resistance for soil plug [Pa] 
qshaft Unit shaft resistance [Pa] 
qtip Cone penetration resistance [Pa] 
Qtoe Toe resistance [N]  
qtoe Unit toe resistance [Pa] 
Ri Resisting force [N] 
t Time [s] 
UB Upper Bound [-] 
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v Velocity [m/s] 
Wplug Self-weight of soil plug [N] 
X Distance from pile head [m] 
z Distance from the top of the internal soil column [m] 
Z Impedance [Ns/m] 

v Velocity difference between pile and soil plug [m/s] 
 
Greek letters 

  

 Effective stress proportionality coefficient [-] 
 Interface friction angle between pile wall and soil column [°] 
 Poisson’s ratio [-] 
 Density [kg/m3] 
n Normal stress [Pa] 
v Vertical stress [Pa] 
'v Effective vertical stress [Pa] 
i Shear stress [Pa] 
’ Friction angle of soil [°] 

 Unit weight [kN/m3] 
’ Effective unit weight [kN/m3] 
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1 Introduction 

1.1 Background 
The soil inside an open-ended pile may form a plug during the driving process, preventing new 
soil from entering at the toe, referred to as soil plugging. Soil plugging changes the driving 
characteristics of the open-ended pile to that of a closed-ended pile, often accompanied by 
increased driving resistance. It follows that if the plugging behavior of the pile is not correctly 
understood, the result is either that unnecessarily powerful and costly hammers are used because 
of high predicted driving resistance or that the pile plugs unexpectedly such that the hammer 
cannot achieve further penetration. The latter is referred to as premature refusal during driving 
and may result in insufficient bearing capacity of the pile.  

The mechanisms involved in soil plugging of open-ended piles have been shown by Paikowsky 
(1989) to involve arching in cohesion-less soil which may result in significant internal shaft 
resistance and capacity of the internal soil column (Randolph, et al., 1991). Soil plugging is 
however not fully understood in terms of drivability aspects and it is also affected by the driving 
method as shown by Henke & Grabe (2008) and De Nicola & Randolph (1997) among others. 
Additionally, Byrne (1995) and De Nicola & Randolph (1997) found that open-ended piles 
equipped with an internal sleeve near the toe may either gain or lose drivability compared to an 
open-ended pile without sleeve depending on the geometry of the sleeve and the stress 
conditions.  

Drivability prediction models currently used by the industry are generally not able to determine 
if and when an open-ended pile plugs. Today the user is therefore required to model the pile 
response on the basis of a plugged or unplugged pile, indicating a need to be able to evaluate 
soil plugging prior to performing the drivability analysis or before using the results as basis for 
decision. This MSc. thesis focuses on evaluating models that were recently put forward within 
this area and the area of estimating the driving resistance. Through a field study it also attempts 
to quantify the drivability characteristics and potential advantages of using large open-ended 
piles as a substitute for closed-ended piles in very dense post glacial moraine, in which very 
little is known about soil plugging. 

1.2 Aim  
The first aim of this thesis was to connect known soil plugging mechanisms to models available 
to the industry, used to predict soil plugging and driving resistance for open-ended piles during 
impact driving. The intention was to contribute to the understanding of the area by presenting 
key aspects of practical importance for drivability analysis and for soil plugging during driving.  

The second aim was, as an extension of the first aim, to evaluate models that were recently put 
forward within the areas of predicting the likelihood of soil plugging and the driving resistance 
of open-ended piles in cohesion-less soils.  
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The third aim was to use pile driving records from an ongoing piling project in Värtahamnen, 
Sweden, to contribute to the understanding of soil plugging in very dense post glacial moraine. 
Since the project offered a unique opportunity to compare large open-ended and closed-ended 
piles of similar size and in similar soil conditions, the aim was specifically to: 

1. Identify if open-ended piles resulted in a drivability-related advantage and if so identify 
during which part(s) of the installation process that the advantage occurred. 

2. Quantify the gain in terms of pile driving time and energy required to drive the piles. 

1.3 Scope of work 
This MSc. thesis was dedicated to soil plugging of open-ended piles installed by impact driving 
in cohesion-less soil. Part of the thesis focused on evaluating two models that were recently put 
forward. The first one, by Dean & Deokiesingh (2013), is used to predict the likelihood of soil 
plugging and the second one, by Gudavalli, et al. (2013), is used to estimate the driving 
resistance of open-ended piles in dense cohesion-less soil. They were compared to existing 
models on the basis of known soil plugging mechanisms and practical aspects of pile driving. 
Impact driven piles are associated with high values of pile velocity and acceleration. Models 
based solely on static equilibrium, such that they exclude dynamic effects like the inertia of the 
soil plug, were therefore not covered.  

A 3D finite element analysis was conducted to analyze how the particle velocity (pile velocity) 
changes throughout the pile based on the hammer-to-pile weight ratio. The purpose of the 
analysis was to better understand the input parameters of the analytical models (velocity and 
acceleration) and to connect theory to practical aspect of driving. The results also served as 
guidance when evaluating the setup and interpreting the results from the field study in 
Värtahamnen. 

The drivability related gains from using open-ended piles as a substitute for closed-ended piles 
during the construction of the new Värtahamnen seaport in Stockholm (Sweden) was 
investigated as part of a field study during spring 2014. The pile diameters covered in this study 
ranged from 914 mm to 1168 mm and the piles were driven through clay and very dense post 
glacial moraine, in which little is known about soil plugging. The gains, in terms of driving 
time and energy required to drive the piles, were quantified primarily through extensive analysis 
of pile driving records.  
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2 Literature review 
 
The literature review presented here aims at providing a theoretical background for the model 
evaluations in chapter 3 and the analysis and interpretations of the results from the field study, 
presented in chapter 5. The emphasis of this thesis and consequently on the literature review is 
on impact driven pipe piles in cohesion-less soil and it also serves as a stand-alone summary of 
the present knowledge regarding soil plugging in cohesion-less soil. The soil plugging 
mechanism, estimation of soil plug capacity during drained and undrained loading as well as 
the influence of driving method and of internal pile sleeves on soil plug formation is presented 
in section 2.1. Section 2.2 presents two models used to predict whether soil plugging is likely 
to occur, one well recognized by the industry and one newly published. The two models are 
later compared in chapter 3. Section 2.3 presents two models, which are also compared in 
chapter 3, used to estimate the driving resistance of open-ended piles during impact driving. 
The first model, presented in section 2.3.1, is based on a static approach and the newer model, 
presented in section 2.3.2, is derived from field measurements of plug length ratios (PLR). 

2.1 Soil plugging 
The term soil plugging generally refers to the state where the soil within the pile has mobilized 
enough frictional force to overcome the toe resistance and prevent additional soil from entering 
the pile. A fully plugged open-ended pile behaves similarly to a closed-ended, full-displacement 
pile, with regard to driving- and bearing properties. However, apart from this absolute state of 
plugging the degree to which soil plugging has occurred is relevant both in terms of drivability 
analysis and bearing capacity calculations (Paik, et al., 2003).  

During driving the semi-confined soil within the pile is subject to influence from several factors 
such as acceleration, axial stress, friction against the inside of the pile walls and pore water 
pressure variations. As the pile is driven open-ended, soil moves upwards inside the pile and 
mobilizes internal shaft resistance, gains inertia as the mass of the soil body increases and 
becomes compacted to a degree which varies significantly depending on the method of driving 
and the properties of the soil. The different stages of soil plugging are illustrated in Figure 1. 
During the initial stage of driving soil enters the pile at approximately the same rate as the pile 
advances; this is referred to as the unplugged state. As the soil continues to move upwards 
inside the pile, internal shaft resistance is developed such that part of the slippage is prevented. 
Partial plugging refers to the state where soil is still able to enter the pile, but not at the same 
rate as the pile penetrates. When the internal shaft resistance is large enough to prevent soil 
from entering, the pile is considered (fully) plugged. 
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Figure 1: Illustration of the different stages of soil plugging. X illustrates the penetration distance of the pile. 
 
The internal soil may undergo compaction and dilatation depending on how the pile is driven, 
the internal stress levels and the characteristics of the soil. The exact geometry of the internal 
soil column and consequently its top level is thus not solely affected by the absolute amount of 
soil being pushed in at the toe of the pile. This topic has been studied by De Nicola & Randolph 
(1997) since the length of the internal soil column relative to the penetration of the pile is used 
to describe the degree to which soil plugging has occurred, see section 2.1.4.  

2.1.1 Soil plugging mechanism in cohesion-less soil 

The mechanism for redistribution of stresses within the soil body has been shown by Paikowsky 
(1989) to involve arching in cohesion-less soils. The arching mechanism is well recognized and  
covered in the original Silo theory by Janssen (1895), used for situations where the soil 
undergoes settlement in a laterally confined space. During installation of open-ended piles the 
pile walls move relative to the soil body, referred to by Paikowsky (1989) as passive arching 
(as opposed to active arching in the Silo theory). Passive arching in an open-ended pile will 
cause concave soil formation at the pile toe level, shown in Figure 2. In this case the arching 
mechanism is able to transfer axial stress acting on the internal soil column at the toe of the pile 
to the pile walls in the form of horizontal (normal) stress, giving rise to increased internal shaft 
friction. 
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Pile toe

Pile

Arching mechanism 
between the soil particles

Internal soil column, 
consisting of cohesion-less soil

Axial stress acting on 
the internal soil column

 

Figure 2: Left: Illustration of arching principle.  
Right: Soil formation indicative of passive arching (Paikowsky, 1989). 

 

2.1.2 Estimating soil plug capacity 

During loading and/or driving the soil inside an open-ended pile will be subject to axial stress 
and shaft resistance against the inside of the pile walls. Randolph, et al. (1991) showed that if 
the internal soil column is differentiated into slices with width , equal to the internal pile 
diameter and height , the stress distribution on each slice can be assumed according to the 
illustration in Figure 3, where  is the vertical stress,  is the effective unit weight of soil, is 
the unit weight of water and  is the shear stress at the contact surface between the inner pile 
walls and the soil element.  
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Figure 3: Stresses acting on a slice of the internal soil body. 

Based on the stresses acting on each element the following vertical equilibrium is found: 

 
(1)

Rearranging Equation (1) yields: 

 can be expressed in terms of  and a coefficient  that captures the relationship between 
horizontal and vertical effective stress as a quotient for the soil plug such that . 
Randolph, et al. (1991) showed that  can be analytically evaluated according to Equation (3) 
from the Mohr circle, see Figure 4. 

 
(3)

 

where  

 (4)

 

Figure 4: Evaluation of  from Mohr's circle (Randolph, et al., 1991). 

 
(2)
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The value of  and consequently the magnitude of internal shear stress that can be mobilized 
for a given value of vertical stress depends on the friction angle of the soil, , and the value of 
the shaft friction between the soil and the internal pile wall, . Figure 5 shows  as a function 
of  and  in the range  to , as well as for given values of  in the range 15-35°. 
From the results it can be observed that for values of  within the common range,  has only 
limited influence on the value of . Instead,  is primarily affected by the surface roughness of 
the pile and thus the interface friction angle,  (Randolph, et al., 1991). The interface friction 
angle is different for different pile materials and soil types but American Petroleum Institute 
(2005) offers guidance in the range 30-35° for dense sand to very dense sand and dense gravel, 
where the characterization dense and very dense corresponds to relative densities of 65-85 % 
and 85-100 % respectively. As a reference regarding the magnitude of  American Petroleum 
Institute (2007) proposes design values in the range 0.46-0.56 for the previously mentioned soil 
types, values that may be increased by 25 % if the pile behaves like a full-displacement pile 
(closed-ended or fully plugged). 

  

 

  

Figure 5: Left:  as a function of internal shaft friction, , in the range 0.3-1.0  
Right:  as a function of internal shaft friction,  in the range 15-35°. 
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Undrained soil plug capacity 

If the soil conditions dictate an undrained response to the driving situation the added stress 
generated from driving can be assumed to generate a corresponding increase in pore water 
pressure. The ultimate shear stress, , between the soil plug and the inside of the pile can then 
be expressed (Randolph, et al., 1991): 

 (5)

where z is zero at the top of the soil plug,  is the effective unit weight of the soil and  is an 
initial effective surcharge applied at z = 0. Substituting Equation (5) into Equation (2) and 
integrating with regard to z yields: 

 
(6)

As the effective surcharge, p, is acting at z = 0 it is added to Equation (6) such that the vertical 
stress  at any depth z can be calculated as: 

 
(7)

At the toe of the pile, corresponding to the bottom of the soil plug, at depth , where h is 
the height of the soil plug, the unit toe resistance, , (in addition to ) becomes: 

 
(8)

Randolph, et al. (1991) used the substitution  such that the undrained unit toe 
resistance, , is expressed: 

 
(9)

Drained soil  plug capacity 

It is unrealistic to assume undrained conditions in coarse soils and Randolph, et al. (1991) 
derived an exponentially increasing bearing capacity for the soil plug based on the shear stress 
against the pile wall under fully drained conditions according to: 

 
(10)

where Equation (10) is again derived from vertical equilibrium and 

 (11)
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Combining Equation (10) and Equation (11): 

 
(12)

Integration with regard to z and using the same boundary condition that  is applied at  
results in Equation (13) where  in the soil plug can be calculated at any depth, . 

 
(13)

The increase in unit toe resistance (from ) during fully drained conditions, , at the 
bottom of the soil plug becomes: 

 
(14)

Substituting  yields the expression for the drained soil plug capacity, : 

 
(15)

As the axial stress increases and as long as the conditions are not fully undrained, an increase 
in effective and lateral stress will take place. The lateral stress will mobilize increased friction, 

, against the internal pile walls and thus increase the soil plug capacity.  

Drained versus undrained soil plug capacity 

The tendency of the soil to cause plugging is strongly dependent on the ability of the soil to 
drain during loading. The rate of loading and permeability of the soil are thus key to more 
accurately evaluating the response of the soil.  

Equation (9) and (15) above may be combined to recreate an example similar to the one 
presented by Randolph, et al. (1991) which provides insight into the impact of drainage to the 
toe resistance of the soil plug. The example is not directly applicable to the driving conditions 
at Värtahamnen where the field study is carried out since those piles are driven to presumed 
bedrock (through clay and dense post glacial moraine). It is however still potentially valuable 
in the case that one were to seek additional design options. The conditions illustrated would 
involve replacing the clay above the moraine with gravel that has high permeability and ability 
to drain, see  

Figure 6. 
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Figure 6: Illustration of soil plug setup in calculation example. 
 
Assuming that the original soil plug at the bottom (moraine) is undrained (conservative) while 
the added gravel is drained, the combined unit toe resistance, , of the soil plug can then be 
expressed 

 (16)

As the gravel constitutes the top layer in the pile there is no surcharge, , in Equation (15). On 
the other hand, the gravel layer now acts as a surcharge on the soil plug at the bottom such that 

 in Equation (9). The combined unit toe resistance becomes: 

 
(17)

where 

 and (18)

. (19)

The unit toe resistance for a 30 m pile with an internal diameter of 1.124 m, based on  
,  and  for varying thickness of the gravel 

layer, , is presented in Figure 7. The combined unit toe resistance is calculated from Equation 
(17) and the contribution from the drained (gravel) and undrained (moraine) layers of the soil 
plug are calculated according to Equation (15) and Equation (9) respectively. 
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Figure 7: Soil plug capacity as a function of the thickness of the gravel layer, h1. 

It becomes apparent from Figure 7 that if the soil plug is able to drain during loading, significant 
resistance can potentially be mobilized. In this case with an internal pile diameter of 1.124 m 
and a gravel thickness of 10 m the results indicate a toe resistance for the soil plug in the region 
of 17 MN.  

A refined model to calculate soil plug bearing capacity is presented by De Nicola & Randolph 
(1997) where  is expressed  (instead of ). K is the ratio of horizontal 
to vertical stress and the refined approach uses a maximum value of K near the toe of the pile 
which gradually decreases to a constant minimum value after a length of 5 diameters. The use 
of that approach is however outside the scope of this thesis and does not add to the point of the 
example presented above in terms of undrained versus drained response. 

Although also outside the scope of this thesis and not a direct concern for the construction 
project at hand as the piles are driven to presumed bedrock, it should be mentioned that analysis 
of the compression of the soil plug becomes a key part of assessing the suitability for a design 
based on soil plug bearing capacity. With drainage comes the desired effective stress that 
mobilizes the shaft resistance and thereby capacity of the soil plug. The same effective stress 
may cause substantial compression of the internal soil body depending on the type of soil. 
Randolph, et al. (1991) mentions displacements in the range of 30-40 % of the internal pile 
diameter, although it should be noted that the focus of that study was contractive carbonate 
soils. In the case of dilative soils, as is the case at Värtahamnen where very dense post glacial 
moraine is superposed by glacial clay, the soil plugging mechanism will be enhanced, resulting 
in higher toe resistance and lower compression of the soil plug. 
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2.1.3 Influence of driving method 

Finite element analysis was carried out by Henke & Grabe (2008) to study the soil plugging 
mechanisms during jacked, impact and vibratory driving. All models used the same medium 
dense sand, internal shaft friction  and internal pile diameter 0.61 m. The jacked 
installation was simulated using displacement control to a depth of 5 m (8D) and the results 
clearly showed the mechanisms associated with soil plug formation. The internal, horizontal 
stress distribution, showed a distinct stress concentration at the lower part of the pile. Values of 
internal horizontal stress peaked near the pile walls and at the center of the pile it was still many 
times higher than the external horizontal stress. Void ratio distribution along the inside of the 
pile indicated that no significant compaction of the soil body took place, enabling the build-up 
of the large horizontal stresses that were observed. 

Vibratory driving was simulated by Henke & Grabe (2008) for 4 m (6.5D) of driving. In contrast 
to the results from the simulation of jacked driving, the void ratio had decreased down to values 
near the minimum void ratio of the soil, indicating a high degree of compaction which 
corresponds to the lack of internal horizontal stress build-up that was observed. Internal values 
of horizontal stress were however still higher than external values. Void ratio distributions for 
the jacked and vibratory simulations are illustrated in Figure 8.  

During field measurements of pile driving in medium dense to dense soil ( kN
m3 

Henke & Grabe (2013) concluded that during the vibratory part of the driving process there was 
not a significant increase in internal horizontal stress at the toe of the piles, compared to outside. 
This finding is consistent with the results from the simulation of the vibratory installation 
process previously mentioned. 

 

Figure 8: Void ratio distribution within the internal soil column after simulation of jacked and vibratory driving 
(Henke & Grabe, 2008). 
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Impact driving was simulated by Henke & Grabe (2008) using a dynamic finite element model 
with a simplified load-curve and the results for approximately 4 m (6.5D) driving were 
presented. The simulation results showed lower values of void ratio along the internal soil body, 
corresponding to compaction of the soil. Internal and external horizontal stresses were similar 
in magnitude and significantly lower than during the jacked driving simulation. The main 
reasons for the lack of soil-plug formation are thought to be the higher degree of soil compaction 
(compared to jacked driving) caused by the driving process and the acceleration such that the 
inertia of the soil body did not allow plugging to occur. Contrary to the simulation results, 
Henke & Grabe (2013) observed a significant increase in internal horizontal stress compared to 
external horizontal stress during field measurements of impact driven piles. The observed ratio 
was above 4 for piles with an internal diameter of 0.686 m and a length of 15 m, corresponding 
to a penetration of 22D. It is likely that part of the reason that the field measurements showed 
a build-up of internal horizontal stress was the significantly deeper penetration of the pile in 
relation to its diameter (22D vs 6.5D). A value of  was found based on 
cone penetration resistance measurements inside the pile. Back-calculation using Equation (3) 
and (4) presented above was then used to find a shaft friction value . The value of  

 is low compared to the plots presented in Figure 5 above and seems to indicate that 
friction fatigue has taken place during driving. A CASE analysis performed during driving 
indicated a characteristic slope change to a more constant value of vertical capacity during the 
later stages of driving, indicative of plug formation. CAPWAP analysis confirmed a significant 
increase in shaft resistance over the lower section of the pile, also indicative of a soil plug 
formation based on the ratio of internal to external horizontal stress that was measured. Since 
no significant increase in pore water pressure was registered during driving, drained toe 
resistance was calculated using Equation (15) with very good agreement compared to the 
measured, internal, cone tip resistance.  

2.1.4 Influence of internal pile sleeve on pile drivability 

The general consensus is that sleeved open-ended piles 
are beneficial in terms of driving resistance as transition 
from the sleeve to the larger internal diameter of the pile 
offers stress relief, reducing the effective stresses and 
thus the internal friction.  

During model scale tests performed by De Nicola & 
Randolph (1997) with the purpose of identifying key 
mechanisms that occur during impact driving of open-
ended piles in sand, several noteworthy observations 
were made. The pile dimensions represented in the test 
were lengths 15-18 m, internal diameter 1.6 m and a 
wall-thickness of 55 mm, corresponding to a penetration 
equal to 9.5-11D. The tests were carried out in different 
soil densities and included an internal sleeve option at 
the bottom 0.8 m of the pile, resulting in an internal 
sleeve diameter of 1.41 m, see  
Figure 9 for illustration.  

 

 

Figure 9: Principal geometry of a pile 
equipped with an internal sleeve. 
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The degree of soil plugging is often related to the incremental filling ratio (IFR), defined as the 
ratio between the (incremental) length of the soil column inside and the (incremental) 
penetration of the pile. An IFR value of 100 % thus corresponds to an unplugged pile (soil 
column is equal in length to the penetration depth). When studying the span in specific soil 
volume an expected volume differential between loose and dense sand was calculated based on 
the void ratios, , for loose and dense sand of 0.81 and 0.63 respectively. A volume increase of 
11 % due to dilatation for the dense sand could be expected. The results however showed values 
of the incremental filling ratio, IFR, for the loose and dense soil having a significantly larger 
span. An important conclusion could be drawn that the incremental filling ratio is not only 
affected by soil density through dilatation, but also directly impacted by the stiffness of the soil 
below the pile toe. The latter was hypothesized by the authors to force more soil into the pile 
during dense soil conditions compared to loose soil conditions. 

In that test, contrary to the purpose of the sleeve, it was found that the sleeved piles resulted in 
a slightly higher driving resistance during impact driving compared to the open-ended piles 
without sleeves. The explanation provided is that the depth of penetration relative to the pile 
diameter (9.5-11D) was not sufficient to generate high enough stress levels. The stress relief, 
although present, did not offset the added driving resistance from the increased surface area of 
the pile toe (open area reduced by 22 %). Results from the continuous monitoring of the internal 
soil column were presented for the loose soil conditions. They confirmed that the sleeved open-
ended pile in this case had a slightly lower progression of the soil column, corresponding to a 
higher degree of plugging, compared to the open-ended pile without sleeve. 

Measurements from scale tests of jacked piles presented by De Nicola & Randolph (1997) 
however showed that open-ended piles equipped with an internal sleeve are less prone to 
plugging in both loose and dense soil conditions. This is explained by high internal stress levels 
resulting from arching and the fully drained loading situation, stress levels which are reduced 
once the soil passes the sleeve. From the results it can also be seen that the plugging tendency 
is significantly higher in dense soil compared to loose soil. The dense soil offers greater 
resistance, thus increasing the vertical effective stress at the pile toe level. In addition to this 
the authors also attributes the build-up of internal shaft resistance to dilatation in the dense soil. 
The effect of the sleeve consequently works to directly offset both of these causes, increasing 
the drivability of the pile. During the final meters of driving in one of the tests performed the 
pile became fully plugged, showing no soil column movement.  

Model scale tests with a variety of different sleeve designs were performed by Byrne (1995) to 
determine the influence of the sleeve on the drivability of impact driven, open-ended piles in 
dense sand. The piles were 2.2 m long with an internal pile diameter of 47.8 mm and sleeve 
heights of half the pile diameter, same as used by De Nicola & Randolph (1997) and presented 
above. The penetration-to-diameter ratio was approximately 46D, compared to 9.5-11D in the 
test presented above, making it probable that sufficient stress levels were generated. The open 
pile toe area reduction with sleeve was approximately 13 % (22 % above), see Figure 10 for 
illustration of sleeve designs. 
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Figure 10: Illustration of different sleeves tested (Byrne, 1995). 

The results showed a clear distinction in performance between regular open-ended piles and 
sleeved piles in terms of soil plug penetration. The open-ended piles without sleeve 
underperformed all of the sleeved piles in terms of plugging. The advantage of sleeved piles in 
this regard increased with pile penetration and the short sleeve underperformed the same-shaped 
longer sleeve. From these results it appears as if there is indeed a need for sufficiently large 
stress levels over the sleeve in order to generate a large enough reduction in effective stress as 
the soil passes to generate the desired decrease in driving resistance, this is in agreement with 
the theory presented by De Nicola & Randolph (1997) regarding insufficient pile penetration 
mentioned above. In this context it may also be added that the standard sleeve performed 
slightly better than the tapered sleeve of equal length, perhaps due to the more gradual transition 
in the latter. It was concluded that sleeve-ended piles allowed for easier driving and thus more 
soil penetration into the pile, reducing the volume of soil having to be displaced around the pile 
toe which in turn resulted in lower toe resistance. 

2.2 Models for predicting soil plugging 
When using the conventional tools available to the industry for predicting the driving resistance 
the user is generally required to calculate the driving resistance based on an assumption of a 
plugged or unplugged pile. There are some models available to predict whether soil plugging 
is likely to occur during driving but for impact driven piles in particular the list quickly shrinks. 
The primary purpose of these models is to provide guidance as to whether or not soil plugging 
is likely to occur. Open-ended piles that plug unexpectedly during driving may result in 
premature refusal due to insufficient capacity of the hammer or in driving stresses that exceed 
the strength of the pile if an undersized hammer is pushed harder to achieve further penetration. 
Vice versa, completely misjudging and over-estimating the plugging tendency may result in 
expensive and oversized driving equipment. 
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Two models that can predict the likelihood for soil plugging during impact driving are presented 
here. Both models somewhat incorporate the primary dynamic effects caused by a rapidly 
moving pile in terms of pile velocity and acceleration. To facilitate the future comparison of 
the models, both models are divided into driving force and resisting force acting on the soil 
plug. The driving force, , acts to cause slippage between the soil plug and the internal pile 
walls and the resisting force, , acts to resist slippage. 

2.2.1 Model 1 based on an internal shear wave 

As the hammer strikes the pile a longitudinal (axial) compression wave is generated, traveling 
downwards. In an open-ended pile the longitudinal pressure wave travels down the steel pipe 
walls and as it passes into an area with internal soil a shear wave in the lateral (radial) direction 
is generated. Based on this shear wave Dean & Deokiesingh (2013) presented the pile-soil 
interaction shown in Figure 11. The concept applies for a soil with adequate stiffness so that 
the shear wave is able to arrive at midspan prior to the wave front arriving at the pile toe, 
something which is pointed out by Dean & Deokiesingh (2013) as not necessarily the case for 
soft soils. From this it also follows that for complete interaction between the internal soil 
column and the internal pile wall, corresponding to a fully plugged pile, the shear wave in the 
axial direction must be equal in velocity to the particle velocity of the pile.  

Based on that assumption an analytical plugging criterion was derived such that the increase in 
axial force due to impact driving, here referred to as  became: 

 
(20)

where  is the particle velocity (velocity of the pile) behind the longitudinal pressure wave, 
 is the density of the soil inside the pile,  is the wave speed in the steel and  is 

the internal diameter of the pile. For soil plugging to occur, the increase in axial force, , must 
be transferred between soil body and pile walls via internal shaft friction, here referred to as : 

, (21)

where  is the length of the soil plug (or depth of penetration) and  is the average internal 
unit shaft friction. For plugging to occur, , resulting in the following quotient between 
resisting and driving forces: 

 
(22)

It is concluded that values of the ratio significantly smaller than 1 indicates that soil plugging 
is not likely to occur and vice versa soil plugging is likely to occur if the value is significantly 
above 1. No further guidance or defined limits were provided.  
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Figure 11: Pile-soil interaction through shear waves caused by impact driving (Dean & Deokiesingh, 2013). 

It is obvious from the ratio formulation above that the ratio  affects the tendency 
of the open-ended pile to plug. This conclusion, made by Dean & Deokiesingh (2013), is 
consistent with that of Randolph, et al. (1991), namely that long and narrow piles are more 
likely to plug due to the higher soil plug capacity. 

For a rough estimate Dean & Deokiesingh (2013) proposes that  may be chosen as the initial 
pile velocity directly after impact, which based on the conservation of momentum equals that 
of the pile-hammer system combined: 

 (23)

From Equation (23) and the plugging criterion in Equation (22) it may be observed that for an 
increase in the impact velocity of the hammer, the corresponding particle velocity (pile 
velocity), , will also increase and reduce the likelihood of soil plugging. 

Over-estimating the pile velocity to be used in the above presented plugging criterion would 
consequently result in a linearly proportional reduction in the ratio between resisting ( ) and 
driving force ( ), and thus the predicted likelihood of soil plugging. If the value of  is over-
estimated by a factor of 2 the value of the ratio is reduced by half, indicating that the accuracy 
of the prediction is highly dependent on a good estimate of the pile velocity. To gain precision 
a simulation using for example wave equation analysis should ideally be carried out to predict 
the behavior of the pile during driving. The velocity predicted by such a simulation can then be 
used as input to the plugging criterion presented above.  

2.2.2 Model 2 based on toe resistance and inertia of the soil plug 

In the static case where there is no movement of the pile the vertical force equilibrium presented 
to the left in Figure 12 may be used to represent the soil plug state. The toe resistance, , 
acts upwards to create slippage between soil plug and pile. This force is counteracted by the 
self-weight of the soil plug,  and the internal shaft resistance, , mobilized between the 
soil plug and the internal pile walls. 
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Figure 12: Left: Illustration of vertical forces acting on the soil plug in the static case. 
Right: Illustration of vertical forces acting on a soil plug in the dynamic case. 

In the dynamic case (right in Figure 12) Stevens (1988) includes the inertia of the soil plug, , 
in the vertical force equilibrium as it is required that the soil plug is accelerated in order to 
prevent slippage between soil plug and pile.  

A vertical force equilibrium for the dynamic case yields the following: 

, (24)

where  

 
(25)

and (26)

 
(27)

The parameters included in the equations above consist of the unit weight of the soil, , the 
internal pile diameter, , the length of the soil plug, , the internal unit shaft 
resistance,  and the unit toe resistance, . The inertia force generated by the acceleration 
of the pile (applied to the soil plug if slippage does not occur) during driving, , can be 
expressed in terms of average acceleration along the soil plug, , as: 

 
(28)

where  is expressed as a factor times gravity, , according to Stevens (1988). Note that if the 
acceleration is not expressed in terms of  the unit weight of soil in Equation (28) should be 
replaced with the density of the soil in the plug.  

As the pile is accelerated downwards during impact driving the inertia force of the soil plug is 
acting upwards so that it is added to the toe resistance and increases the likelihood of slippage 
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between soil plug and pile. It is easy to understand that as the pile moves rapidly downwards, 
the mass of the soil plug makes it harder for the plug to ‘hang on’ and keep up with the pile. 

Inserting Equations (25-28) into Equation (24) and rearranging yields: 

 (29)

For the purpose of future comparisons the left and right hand side of Equation (29) are kept 
separate, and referred to as resistance, , and driving, , forces respectively: 

 and (30)

. (31)

2.3 Models for predicting driving resistance 
Due to the complexity of performing a drivability analysis it is convenient to perform 
predictions of the driving resistance using analytical methods as they can serve both as stand-
alone predictions and as a platform from which to conduct additional, advanced drivability 
simulations. In this section two models dedicated to predicting the driving resistance of open-
ended pipe piles are presented.  

2.3.1 Traditional model based on static approach 

In this section the method presented by Stevens, et al. (1982) is summarized as it is frequently 
used by the industry. The method is based on a static approach for the soil resistance which is 
adjusted to achieve upper- and lower bound values of the driving resistance. There are two such 
intervals depending on whether the pile is analyzed as plugged or unplugged. 

In clay the unit shaft friction is adjusted by what is referred to as a pile capacity factor,  
, such that an over consolidated clay yields higher shaft resistance than a 

normally consolidated clay. The toe resistance in clay is computed using a bearing capacity 
factor, , resulting in the unit toe resistance,  which is a common estimation 
for piles in clay. 

In cohesion-less soils the shaft resistance is based on a lateral earth pressure coefficient, , and 
a soil-pile friction angle, . The unit shaft resistance is calculated according to: 

 (32)

where  is the effective vertical stress,  and  depends on the type of soil. The unit 
toe resistance is calculated using a bearing capacity factor according to: 

 (33)

where  is again the effective vertical stress caused by the overburden and  is strongly 
influenced by the type of soil, see Stevens, et al. (1982) for details regarding proposed values. 
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During driving in an unplugged state shaft resistance is added both on the outside and the inside 
of the pile. During plugged driving shaft resistance is added only on the outside as the plug does 
not slip relative to the pile. 

Driving resistance when the pile is unplugged 

The lower bound value of the driving resistance is calculated by assuming that the internal shaft 
resistance is 50 % of the outside shaft resistance. The upper bound value assumes equal shaft 
resistance on the inside and outside of the pile. The toe resistance in the unplugged state is based 
on the steel or concrete annulus area. 

Driving resistance when the pile is plugged 

The lower bound value of the driving resistance when the pile is plugged is calculated according 
to the general procedures above. The upper bound values consist of lower bound shaft 
resistance increased by 30 % and lower bound toe resistance increased by 50 %. Toe resistance 
in the plugged case is based on the entire cross sectional area of the pile. 

2.3.2 Driving resistance derived from plug length ratios, PLR 

The degree to which plugging has occurred is, as mentioned previously, often described by the 
incremental filling ratio, IFR. Another, somewhat more basic, method of capturing the plugging 
behavior is the plug length ratio, PLR. Both methods are related and as is illustrated in Figure 
13 the IFR value is the first derivate of PLR.  

Recently a large study was presented by Gudavalli, et al. (2013), specifically aimed at analyzing 
open-ended pipe piles driven by impact hammer into dense and very dense sands. Data was 
analyzed for a total of 1355 open-ended pipe piles ranging from 0.406-0.914 m in diameter. 
The purpose of the study was to correlate the pile diameter and depth of penetration to values 
of PLR,  (used to calculate shaft resistance) and a bearing capacity factor,  to calculate toe 
resistance. 

 

Figure 13: Definition of plug length ratio (PLR) and incremental filling ratio (IFR) used to describe soil plugging 
(Gudavalli, et al., 2013). 
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For internal pile diameters between 0.387 m and 0.876 m, the PLR can be estimated from: 

 (34)

As noted by the authors of the study, a similar relationship was presented by Lehane, et al. 
(2005) where the average value of IFR (corresponding to PLR) over a length of 20 pile 
diameters could be estimated according to: 

 (35)

The results from the study presented by Gudavalli, et al. (2013) show a clear relationship 
between pile diameter and PLR value, where a smaller pile diameter corresponds to a lower 
PLR and vice versa. A lower PLR value indicates that a higher degree of plugging has taken 
place, this is in agreement with the general consensus that long and slender piles are more prone 
to plugging compared to wider and shorter piles. The mean values of PLR in this study ranged 
from 0.76-0.91.  

The value of  can be estimated from: 

 (36)

where PLR is calculated from Equation (34) and  is the penetration depth in the 
range 10-30 m. Once the value of  is known the unit shaft resistance, , can be calculated 
based on the vertical effective stress, , according to: 

 (37)

The study derived the bearing capacity factor, , based on the entire base area of the pile as if 
the pile was fully plugged. As a consequence shaft resistance should not be calculated for the 
inside of the pile using Equation (37) above, only external shaft resistance is considered. The 
value of the bearing capacity factor, , can be calculated from: 

 (38)

Using Equation (38) and the vertical effective stress, , the unit toe resistance, , can be 
obtained: 

 (39)

Measurements of PLR values for varying pile diameters in other soil conditions were recently 
published by Jeong, et al. (2014), however they have currently not been correlated specifically 
to driving resistance. 
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2.4 Summary and conclusions 
Soil plugging in cohesion-less soils has been showed by Paikowsky (1989) to be caused by an 
arching mechanism between soil particles, which transfers the vertical stress acting at the toe 
of the pile to the inside of the pile walls in the form of horizontal stress and consequently 
generates internal shaft resistance due to friction. The effective stress generated and thus the 
magnitude of resistance that can be mobilized by the internal soil column is strongly affected 
by whether or not the soil is able to drain during loading (Randolph, et al., 1991). 

The actual plugging behavior of an open-ended pile is affected by the way that the pile is loaded 
(or driven). The general conclusions based on the simulations, model scale tests and field 
studies presented above are: 

• Long and narrow piles have a higher likelihood of plugging and the plugging tendency 
is also higher in dense and dilatant soils. 

• Open-ended piles are significantly more prone to plugging during jacked driving, 
compared to both vibratory and impact driving. The plugging can be linked to the 
build-up of high internal effective stress, which is distinctly concentrated to the lowest 
section of the pile. 

• Piles that behave plugged during static or low-rate loading may be expected to behave 
unplugged during impact driving, attributed primarily to the inertia of the internal soil 
column generated by the high pile velocity and acceleration. 

• It is likely that vibratory driven piles are generally less prone to plugging compared to 
impact driven piles but this has not been the focus of this literature study. It can 
however be concluded that vibratory driving reduces the build-up of high internal 
effective stresses. 

Internal pile shoes or sleeves can significantly reduce the driving resistance of an open-ended 
pile. The main mechanism identified involves stress relief once the soil passes the sleeve and 
moves into the increased area of the pile, reducing the internal shaft resistance. It was although 
concluded that in order for a sleeve to have a positive effect on the driving resistance it was 
necessary to have sufficiently high stress levels, implying that if the piles are not going to be 
driven through thick layers of cohesion-less soil a sleeve may result in increased driving 
resistance due to the reduced open area and increased annulus area. 

The two models used to predict whether soil plugging is likely to occur were both split into 
driving force (denoted D), acting to cause slippage between the internal soil column and the 
pile walls, and resisting force (denoted R) acting to prevent slippage. The driving and resisting 
force in the recently published Model 1 which is based on an internal shear wave, denoted  
and  respectively, are calculated using Equations (20) and (21) in section 2.2.1. Similarly the 
driving and resisting force in Model 2 which is based on soil plug inertia and toe resistance, 
denoted  and  respectively, are calculated from Equations (31) and (30) in section 2.2.2. 

The traditional model used to estimate the driving resistance of open-ended piles, presented in 
section 2.3.1, is based on a static approach. The driving resistance is calculated based on 
Equations (32) and (33), from which the calculated values are modified and combined, 
according to the description in section 2.3.1, to achieve the upper and lower bound values of 
driving resistance for a plugged and unplugged pile. The recently published model, presented 
in section 2.3.2, is derived from measurements of plug length ratios, PLR.  Equations (34), (36), 
(37), (38) and (39) are used to calculate the driving resistance for piles with internal diameters 
between 0.387 m and 0.876 m driven 10-30 m in dense and very dense sands. 
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3 Comparison between new and existing 
models  

3.1 Parametric comparison between Model 1 and 2 
In this section a parametric study is presented with the aim of comparing the behavior of each 
of the prediction models presented in section 2.2. Both models are split into resisting force (R), 
driving force (D) and the ratio R/D. A ratio above 1 indicates that the resisting force is greater 
than the driving force such that higher values of the ratio correlates to a higher likelihood for 
soil plugging. Vice versa, values below 1 indicate that the pile will not plug.  and  in Model 
1 are calculated using Equations (20) and (21) respectively. In Model 2  and  are calculated 
from Equations (30) and (31) respectively. 

The two models analyzed uses a simplified dynamic approach corresponding to an average pile 
velocity behind the compressive stress wave in Model 1 and an average pile acceleration 
(expressed as a factor times the acceleration of gravity) in Model 2. The link between the two 
is not necessarily obvious and will vary depending on the hammer and pile properties and the 
location of the compressive stress wave along the pile. A pile velocity of 3 m/s and a pile 
acceleration of 80g is used during the study, along with the parameters specified in Table 1. In 
cohesion-less soils where soil plugging is relevant, the unit toe resistance, , and internal 
unit shaft resistance, , can be expected to be related by a factor in the order of magnitude 100, 
here 10 MPa and 100 kPa respectively. As a reference to the upper limits of shaft resistance and 
toe resistance, the model by Stevens, et al. (1982) presented in section 2.3.1 to estimate driving 
resistance, proposes limiting values of approximately 190 kPa and 19 MPa respectively. 

Figure 14 (left) shows the two models applied to the same pile and soil properties with a varying 
soil plug length, . Increasing  for a given internal pile diameter, , corresponds 
to increasing the ratio the ratio  which has been found to be strongly correlated to 
soil plugging as discussed previously. 

Table 1: Input parameters. 

Parameter Value 

Plug length,  40 m 

Density of soil,  2000 kg/m3 

Internal pile diameter,  1 m 

Unit shaft resistance,  100 kPa 

Unit toe resistance,  10 MPa 

Wave velocity in steel,  5172 m/s 
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Figure 14: Left: Influence of soil plug length on resisting force (R), driving force (D) and ratio R/D. 
Right: Influence of internal pile diameter on the resisting force (R), driving force (D) ratio R/D. 

The over-all behavior of the two models is consistent and in agreement that an increasing plug 
length, , increases the likelihood for plugging. In Model 2 both the resisting force (R2) and 
driving force (D2) increase with increasing , attributed to the explicit formulation of the 
inertia of the soil plug. The influence of  consequently levels out in Model 2, contrary to 
Model 1 which is more sensitive to . Both models can be said to agree that the pile would 
not plug but the values of R1/D1 and R2/D2 diverge as increases. 

Figure 14 (right) shows the results for the two models with a varying internal diameter, . 
The results show that both models behave similarly when  is varied. Both models clearly 
relate the plugging tendency to the internal pile diameter such that increasing  rapidly 
reduces the likelihood of plugging. This is in agreement with the general consensus regarding 
soil plugging. Given the other input parameters used it can however also be seen that the models 
differ noticeably in terms of the internal diameter required for plugging to occur (R/D=1). 

The weight of the soil inside the plug tends to influence the response of the soil plug. The results 
for both models based on varying unit weight, , are presented in Figure 15 (note that Model 
1 uses the density of the soil and not the unit weight as input). The results show that both models 
behave similarly and are in agreement that increasing  results in a lower likelihood of 
plugging, but  has only limited influence on the results. 
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Figure 15: Influence of unit weight of soil, , on the resisting force (R), driving force (D) and the ratio R/D. 

The stiffness of the soil below the toe of the pile is generally considered to be influencing the 
soil plugging behavior both by generating effective stresses and by forcing soil into the pile (De 
Nicola & Randolph, 1997). A pile that moves from a stiff soil layer to a softer layer is more 
likely to behave in a plugged manner. Vice versa a pile moving from a clay layer into a layer 
with cohesion-less soil will likely (at least initially) behave unplugged as the toe resistance, 

, will contribute to slippage. Model 2 explicitly incorporates , as can be seen in 
Equation (24) above, whereas Model 1 does not.  

Figure 16 (left) shows the results for the two models with varying . The results show that 
 is not included in Model 1 but contributes to counteract soil plugging in Model 2 (R2/D2 

declines). The influence of  is however limited, despite the fact that the internal shaft 
resistance, , was kept constant here. Increased toe resistance in cohesion-less soils would 
normally be expected to generate increased internal shaft resistance. Both models agree that  
plays a more important role than , see Figure 16 (right). Assuming that  is in the order 
of magnitude 100 times larger than , the results would imply that in dense cohesion-less soils 
where  could be 20 MPa, the corresponding  of approximately 200 kPa would easily offset 
the influence of the . Both models can consequently be said to agree that soil plugging is 
significantly more likely in dense cohesion-less soils if the increased toe resistance generates 
internal shaft resistance.  

Some caution towards assigning very high values of shaft resistance in these models is advised 
if the pile is very long. Randolph, et al. (1991) bases the bearing capacity of the soil plug on an 
active plug length. The concept can be summarized as such that only a lower part of the internal 
soil column actually plugs, aided by the added pressure of the remaining internal soil above 
(see section 2.1.2). Measurements presented by Henke & Grabe (2013) from impact driven 
piles in cohesion-less soil are in agreement with this theory, confirming that the high values of 
internal shaft resistance occur near the toe of the pile and not consistently along the shaft. 
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As mentioned the two models rely on average pile velocity, , and average pile acceleration, 
, to incorporate the dynamic response from pile driving. The two models are plotted separately 

in Figure 17 to show the behavior of each model. 

It can be concluded that both models behave similarly and that the magnitude of the pile velocity 
and acceleration is strongly influencing the plugging tendency in both models. When using 
Model 2 to evaluate the plugging behavior of a pile driven in clay  can be set equal to 9Cu 
and Stevens (1988) found that plugging is not likely to occur for values of  

. It is not unusual for values of   to be in the range of 100-200g for large steel piles, 
implying that plugging is generally not an issue when driving in clay. 

The approach used in Model 2 may slightly over-estimate the driving forces consisting of  
and the inertia force of the soil plug, , which would then underestimate the plugging 
likelihood. The model assumes, as can be seen in Equation (24), that  and  both reach 
maximum values at the same time, forcing the soil plug upwards into the pile. Based on results 
from wave equation analysis Rausche & Webster (2007) concludes that it is not necessarily the 
case due to high values of acceleration. The soil plug inertia force was shown to peak before 
the static and dynamic toe resistance had been fully mobilized. 

 

 

 

Figure 16: Left: Influence of toe resistance on resisting force (R), driving force (D) and the ratio R/D.  
Right: Influence of shaft resistance on resisting force (R), driving force (D) and the ratio (R/D). 
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Figure 17: Left: Influence of avg. pile acceleration on resisting force (R), driving force (D) and the ratio R/D.  
Right: Influence of avg. pile velocity on resisting force (R), driving force (D) and the ratio R/D. 

Summary and conclusions 

The two models for predicting whether or not a soil plug will form generally show good 
agreement. The parameters found to have the greatest influence on the results were: 

• the internal pile diameter, , 
• the internal shaft resistance,  and  
• the average pile velocity/average pile acceleration, . 

A key difference is that Model 2 uses the soil plug length to calculate the inertia force, resulting 
in an increase in the driving force and not just the resisting force when the length of the soil 
plug increases. Consequently Model 2 does not predict as much of an increase in the likelihood 
of soil plugging with increasing pile length. In this particular study the models started diverging 
after approximately 20 m. 

Model 2 also incorporates the toe resistance which is not included in Model 1 but the influence 
on the results were significantly lower than the influence of the internal shaft resistance, 
incorporated in both models. A dense cohesion-less soil that yields high toe resistance generally 
causes high internal shaft resistance and the models are in agreement that soil plugging would 
be more likely to occur in dense cohesion-less soils under that condition.  

Both models are in agreement that narrow (in absolute values of pile diameter, not D/L due to 
the inertia effect in Model 2) open-ended piles are more prone to plugging. Additionally they 
support the claim that the rate of loading influences the likelihood of plugging which agrees 
with the notion discussed in section 2.1.3 that piles may behave unplugged during impact 
driving but fully plugged during static loading or jacked driving. The values of acceleration and 
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particle velocity (pile velocity) are very low during jacked driving which, as shown in Figure 
17, have large influence on the predicted plugging behavior.  

Since the two models show good agreement in general, the use of both when conducting a 
preliminary plugging estimation would provide a more complete way of approach.  

3.2 Influence of pile diameter to predicted driving 
resistance 

This section presents a comparison between the traditional model presented by Stevens, et al. 
(1982) and the recently published model based on measurements of plug length ratios, PLR, 
presented by Gudavalli, et al. (2013) to estimate the driving resistance of open-ended piles. The 
models have been described in sections 2.3.1 and 2.3.2 respectively and are briefly summarized 
in section 2.4. The traditional model predicts the driving resistance based on the shaft and toe 
area of the pile (thus relating it somewhat to the pile diameter) but the likelihood and in 
particular the degree of plugging are strongly affected by the diameter of the piles, as was 
concluded in the literature review presented in chapter 2. In addition to comparing how the 
models relate driving resistance to the pile diameter, the PLR model contains information about 
the degree of soil plugging that has taken place since it’s based on measurements on different 
sized piles. This adds further value to the comparison since the upper- and lower bound values 
of the plugged and unplugged intervals, generated by the traditional model, can be compared 
to the prediction of the PLR model as there is no guidance provided in the traditional model of 
when the pile behaves plugged or unplugged. 

To facilitate a clean comparison the simulated soil profile consists only of fully saturated, 
cohesion-less soil and the results are presented down to a penetration depth of 20 m. The driving 
resistance is calculated using both models for pile diameters of 0.45, 0.6, 0.75 and 0.9 m. The 
model that predicts driving resistance based on PLR values was derived in dense and very dense 
sands. The values for soil-pile friction angle,  and the toe bearing capacity factor, , have 
therefore been chosen according to the recommendations by Stevens, et al. (1982) to match 
these soil conditions. The input values used are presented in Table 2. The calculated results 
from the comparison are presented in descending order of pile diameter, starting at top left with 
0.9 m and ending at bottom right with 0.45 m, see Figure 18. 

Table 2: Input values to the predictions of driving resistance. 

Unit weight of soil,  20 kN/m3 

Unit weight of water,  10 kN/m3 

Lateral earth pressure coefficient, K 0.7 

Soil-pile friction angle,  30° 

Toe bearing capacity factor, Nc 40 

Pile wall thickness,  20 mm 
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Figure 18: Top left: Predicted driving resistance for open-ended piles with outside diameter 0.9 m. 
Top right: Predicted driving resistance for open-ended piles with outside diameter 0.75 m. 
Bottom left: Predicted driving resistance for open-ended piles with outside diameter 0.6 m. 
Bottom right: Predicted driving resistance for open-ended piles with outside diameter 0.45 m. 
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The results show the influence of the pile diameter and the following observations can be made: 

• For a pile diameter of 0.45 m (bottom right) the model derived from PLR values actually 
predicts slightly higher values of driving resistance than the upper-bound value of a 
plugged pile in the more traditional model.  

• As the pile diameter is increased to 0.6 m (bottom left) the model derived from PLR 
values indicate a driving resistance approximately in the mid-range between upper- and 
lower bound values of the traditional model during the initial 10 m. After that it follows 
the curvature of the lower bound but with a slightly higher predicted driving resistance.  

• By comparing the results for pile diameters of 0.75 and 0.9 m (top right and left 
respectively) the two models imply that the pile would not plug as the predicted driving 
resistance from the model derived from PLR values is below the plugged, lower-bound 
values of the traditional model and partially in the range between the upper- and lower-
bound values of the unplugged case.  

• For large diameter piles, in this case 0.9 m (upper left), the model derived from PLR 
values implies a flatter curve with a lower increase in driving resistance as the 
penetration depth increases, compared to the unplugged case in the traditional model. 
In fact, the model derived from PLR values shows a cross-over between 11 and 16 m 
penetration due to higher predicted driving resistance at the start of driving and lower 
at the end. 

The two models respond slightly different to changes in the vertical effective stress, implying 
that the predictions made depend on the water level in the area but also on the density or unit 
weight of the soil, . The results presented above were calculated using  
and to illustrate how  (effective stress) affect the models, two new calculations were carried 
out for a pile with 0.9 m diameter and with  equal to 19 kN/m3 and 21 kN/m3. The water 
level remained at the top of the soil layer and all other parameters also remained unchanged.  

Driving resistance was calculated for both models and the difference in predicted driving 
resistance was then calculated according to: 

(LB value of DR in the unplugged case) – (DR based on PLR measurements) 

(UB value of DR in the unplugged case) – (DR based on PLR measurements) 

(LB value of DR in the plugged case) – (DR based on PLR measurements) 

(UB value of DR in the plugged case) – (DR based on PLR measurements), 

where LB, UB and DR refer to lower bound, upper bound and driving resistance respectively. 
Positive values indicate that the traditional model presented by Stevens, et al. (1982) yields 
higher values of driving resistance compared to the model presented by Gudavalli, et al. (2013) 
and vice versa. The results are presented in Figure 19. 
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Figure 19: Left:   Difference in predicted driving resistance for open-ended piles with  
  external diameter 0.9 m and 21 kN/m3. 

Right: Predicted driving resistance for open-ended piles with  
external diameter 0.9 m and 19 kN/m3. 

The primary observation to be made is that as  (effective stress) increases, so does the 
spread between the predicted results of the two models. When  changed from 19 kN/m3 
(right) to 21 kN/m3 (left) the lower bound of the unplugged state resulted in a larger under-
prediction. At the same time the over-prediction in the upper bound, plugged state, increased. 
The behavior is however not linear and obvious at all times, so the values for 19 kN/m3 (right) 
were subtracted from those calculated with 21 kN/m3 (left) and the results are presented in 
Figure 20. 

 

Figure 20: Difference in over- and under-prediction when the unit weight increased from 19 kN/m3 to 21kN/m3. 
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The results show that as  increased from 19 kN/m3 to 21 kN/m3 the under-prediction 
increased initially for both the upper- and lower bound values of the unplugged state. However 
after 10 m and 16 m respectively the situation is the opposite. In the case of the plugged 
predictions, both the upper- and lower-bound values increase their over-prediction with depth. 
The increased over-prediction of the driving resistance for the plugged case is upwards of 1.4 
MN, which is not insignificant. However, based on the results from Figure 18 it is the opinion 
of the author that it is unlikely that the pile is actually plugged in the case of a diameter of 0.9 
m (PLR model indicates values even below the lower-bound unplugged curve). The calculated 
PLR value using Equation (34) above for the pile in the calculation is in fact 0.91, which is 
close to an unplugged pile (PLR=1.0). Instead the focus here should be on the span in the 
unplugged case, ranging from approximately -0.1 to +0.6 MN, which is still not a negligible 
change as it is caused solely by the change in unit weight.  

Summary and conclusions 

The two models compared in this section highlight the influence of the pile diameter in terms 
of driving resistance, but also the problems involved in trying to predict the drivability. Even 
with a somewhat basic setup using only one fully saturated soil layer, the effective stress 
generated by the weight of the soil proved enough to cause deviations in the predictions. In the 
case of a penetration depth of 20 m through fully saturated soil for a pile with diameter 0.9 m 
the effect of increasing  from 19 kN/m3 to 21 kN/m3 is generally on the upside, meaning 
that the traditional model increase the over-prediction compared to the model derived from PLR 
measurements.  

In addition to the differences between predicted values of driving resistance due to changing 
pile diameter, presented in Figure 18 and discussed above, the results also lead to an important 
over-all conclusion. The ability to assess whether or not the pile is expected to plug is important 
in order to model the drivability of piles and especially when interpreting the results. This 
becomes apparent from the values of driving resistance for all scenarios, especially as the pile 
diameter increases, where the spread between a plugged and unplugged pile is significant. In 
this regard, the use of both models would definitely add to the analysis, not only because 
comparing the predictions may give a hint as to whether or not the models agree or not but 
especially since the model derived from PLR measurements actually provides PLR values as 
part of the calculation procedure. The PLR values provides guidance to the user as they indicate 
the degree of plugging that would have been measured in the field for a given pile diameter in 
these soil conditions. 

From the results it can also be concluded that the recently published model, by Gudavalli, et al. 
(2013), is less sensitive to the pile diameter than the model by Stevens, et al. (1982). Figure 18 
shows that as the pile diameter changes from 0.45 to 0.9 m the recently published model does 
not predict a large increase in driving resistance, implying that the added driving resistance 
from a larger pile would be offset by a lower degree of plugging. Contrary to this, the existing 
model shows a significant span in the predicted driving resistance since the shaft and toe area 
increase without consideration of the influence that a larger pile may have on the plugging 
mechanisms. With this said, validation through field studies is required in order to conclude 
which, if any, of the models that is more accurate. 
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4 3D Finite element analysis of pile 
velocity during driving 

4.1 Introduction 
Particle velocity (pile velocity) and pile acceleration are used as input parameters to the two 
models presented in section 2.2.1 and 2.2.2, aimed at predicting the likelihood of soil plugging 
during driving. As concluded in the literature review in section 2.1, the pile velocity and 
acceleration of the pile during driving are known to influence the plugging behaviour. A pile 
that behaves plugged during jacked driving may behave unplugged during impact driving, 
primarily due to the inertia of the soil plug. As previously described in section 2.1, the primary 
area of high internal shaft resistance is located near the toe of the pile. This implies a need to 
generate sufficiently high values of pile velocity (and acceleration) at this level in order to 
reduce soil plugging during driving. 
 
During a model scale test presented by Paik & Salgado (2004) it was generally concluded that 
that for a given driving energy, a heavier hammer resulted in fewer blows required to install the 
piles, but also in a lower IFR value (corresponding to a higher degree of plugging). Given that 
the energy remained constant, increasing the weight of the hammer would have reduced the 
impact velocity and due to the moderate length of the piles in that test also the pile velocity. As 
was pointed out by Paik & Salgado (2004) the rate of loading will also affect the internal shaft 
resistance. For long open-ended piles the choice of hammer may influence the plugging 
behavior of the pile simply by the pile response that it generates.  
 
A 3D finite element model was created in Comsol Multiphysics® (Comsol Group, 2014) to 
investigate the pile response when the pile is subjected to impact driving. The focus is on the 
particle velocity (pile velocity) distribution throughout the pile and how it is affected by the 
hammer and pile properties. The primary aim of this study is to connect hammer and pile 
properties to soil plugging through the mechanisms identified in the literature study. Part of the 
evaluation was also carried out using the same hammer and pile properties as those found on 
site in Värtahamnen where the field study was carried out, see chapter 5. The results from here 
can, and will consequently, serve as guidance when interpreting the results from the field study. 

4.2 Methodology 
The pile is modeled as a 100 m long steel pipe pile, with an outside diameter of 1168 mm and 
a wall thickness of 22 mm. At 20 m intervals, starting 3 m below the pile head, the average 
particle velocity (pile velocity) in the longitudinal (axial) direction over a length of 1 m is 
analyzed. Figure 21 shows the principal orientation of the measuring sections along the pile. 
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The driving is simulated by a hammer impacting at a velocity corresponding to a free fall height 
given by the desired driving energy. No energy losses are included such that if the desired 
driving energy is , the drop height, , becomes 

, 
(40)

where  is the mass of the hammer. The impact velocity, , becomes 

 
(41)

The pile is meshed using approximately 260.000 quadratic, tetrahedral, elements as shown in 
Figure 22. 

Figure 21: Orientation of the 5 pile sections analyzed for average particle velocity.
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Figure 22: Meshing of the pile head (left) and a section of the pile, including one of the 1 m segments (right). 

Figure 22 (right) shows one of the (identical) 1 m sections of the pile which have been analyzed 
for average values of particle velocity in the longitudinal direction. 

The pile is supported in lateral directions at the pile head, but is otherwise free to move along 
the shaft. No rotational restrictions are used at the pile head and as the purpose of the model is 
to show the pile velocity distribution when the pile is driven by an impact hammer, both internal 
and external shaft resistance are left out of the model. The pile toe is fixed in all directions as 
the toe reaction is not in focus and a low-reflective boundary is used at the toe to minimize 
reflections. The lower edge of the 1 m segment closest to the pile toe analyzed (location 5) is 
located 12 m above the pile toe to minimize boundary interference. The steel pipe is modeled 
as a linearly elastic material since the analysis does not involve yielding behavior. The material 
model uses Young’s modulus, GPa, density of steel,  kg/m3 and 
Poisson’s ratio, .  

4.3 Results and discussion 
As the hammer strikes the pile head a longitudinal (axial) compression wave is generated and 
travels downwards, towards the pile toe. Additional stresses are generated due to Poisson’s 
effect and the pile is elastically compressed in the axial direction as the wave passes. The elastic 
compression of the pile in the axial direction, and the expansion of the pile in the lateral 
directions (due to Poisson’s effect) will consume energy, see Figure 23. This is relevant from a 
drivability perspective primarily for two reasons. Energy used to elastically deform the pile is 
energy that cannot be used to overcome the driving resistance of the soil, thus reducing the 
drivability of the pile compared to if it was completely rigid and able to transfer all the energy 
from the hammer to the soil. The second reason is that the initial intensity of the stress wave 
generated by the hammer impact will decrease as the wave travels along the pile, due to energy 
losses. Both are somewhat related to the impedance of the pile expressed as  with 

 being the Young’s modulus of the pile material,  is the cross-sectional area of the pile and 

1 m section 
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 is the stress wave velocity of the pile material. For a given hammer, that in itself has sufficient 
impedance, the impedance of the pile is positively correlated to the drivability of the pile as 
shown by Hussein, et al. (2003). Simply increasing the impedance of the pile does however not 
always guarantee improved drivability as the energy delivered by the hammer to the pile is 
affected by the impedance relationship between the two. Less energy is delivered to the pile 
when  compared to when  and almost no energy is delivered 
if  (Bredenberg, 1982). The initial particle velocity in the pile, , can be  
estimated according to 

where  is the impact velocity of the hammer (Massarsch & Fellenius, 2008). In most practical 
situations this is not an issue since the hammers are designed to have sufficiently high 
impedance relative to the piles they are designed for.  

The lateral expansion of the pile as the wave passes should theoretically reduce the plugging 
tendency in a similar way as the effect of stress relief from an internal sleeve, namely that the 
internal cross sectional area of the pile increases. However, as expected the simulations show 
that the magnitude of such a lateral expansion is negligible. 

Figure 24 shows the average particle velocity in the 1 m sections of the pile at locations 1-5 
along the pile. Negative values indicate that the velocity is directed towards the pile toe. Starting 
from the left at location 1, 3 m below the pile head, the downward particle velocity peaks that 
follow show exponentially decaying values. The effect of the mass of the hammer relative to 
the mass of the pile is also visible. Using the same hammer energy, 100 kJ, and pile dimensions 
the average velocities over the 1 m sections are displayed in below for a hammer mass of 5000 
kg and 10000 kg.  

 

Figure 23: Lateral expansion due to compression of the pile, scaled up 500 times. 
 

 
(42)
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Figure 24: Particle velocity distribution at locations 1-5 for hammer mass of 5000 kg and 10000 kg. 
 
The results are interesting in terms of drivability concerns as they indicate an advantage for the 
heavier hammer. The particle velocity at location 1, 3 m below the pile head, differ 
significantly; 5.4 m/s and 4.3 m/s for the light and heavy hammer respectively as could be 
expected due to the lower impact velocity of the heavier hammer. The decay in average velocity 
in each of the 1 m sections, displaced a distance 20 m apart, follows an exponentially decaying 
pattern. At location 2, 24 m below the pile head, the calculated velocities start to converge and 
the results indicate that at the lower sections of the pile the particle velocity would in fact be 
similar in magnitude. If the pile is long, a heavy hammer would thus have several advantages 
in addition to the impact stress being lower. As was pointed out by Hussein, et al. (2003) and 
Hussein, et al. (2006) the soil resistance during driving consists of both static and dynamic 
resistance. The dynamic portion of the driving resistance is velocity related such that a higher 
particle velocity (pile velocity) generates more dynamic soil resistance. In cohesive soils the 
damping and consequently the dynamic driving resistance is higher than in cohesion-less soils, 
meaning that during driving in clay it would be ideal to use a heavy hammer which results in a 
lower pile velocity. During hard driving in cohesion-less soils it is instead advantageous to 
apply a higher pile velocity. The latter would indirectly be achieved by the ability of a heavy 
hammer to maintain adequate pile velocity throughout the pile, assuming it was high enough to 
begin with.  

To visualize the effect of the pile’s mass on the response new simulations were made and the 
results are presented in Figure 25. The mass of the hammer used was 13600 kg, equal that of 
the IHC S-280 hydrohammer used on site in Värtahamnen. A hammer energy of 100 kJ and 
150 kJ is used on three different pile wall thicknesses of 22, 42 and 62 mm. The external pile 
diameter is again 1168 mm and the pile velocities at the different sections are presented together 
with the weight ratio between the hammer and pile along the pile. The mass of the pile used in 
the calculation was derived according to: 
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 (43)

where  is the distance from the pile head,  is the cross sectional area of the pile and  is the 
density of the pile material.  

It’s easy imagine a positive correlation between drivability and added pile mass since the mass 
is related to the impedance of the pile. The higher the impedance of the pile, the more force the 
pile can transfer for given levels of strain, stress and velocity (Warrington, 2014). However, as 
the pile becomes heavier more energy is consumed in accelerating it, resulting in reduced 
velocities near the toe in long piles. This becomes obvious when comparing the results for the 
22 mm pile driven by 100 kJ to the 62 mm pile driven by 150 kJ. Both piles show initial 
velocities near 4 m/s at location 1 but the velocity of the heavier pile falls off sharply and at 
location 5 the velocity has reduced to 1.7 m/s compared to 2.6 m/s for the lighter pile. For long 
open-ended piles this is likely to increase the risk for soil plugging and reduce drivability. As 
the velocity of the pile is lower the acceleration of the soil plug also becomes lower, leading to 
lower values of the inertia force acting to cause slippage between the soil column and the 
internal pile walls.  

It can be seen that the ratio between the mass of the hammer and the accumulated mass of the 
pile, counting from the pile head using Equation (43), can potentially serve as reference when 
assessing the suitability of a hammer. The results can be interpreted as such that when the mass 
of the pile starts exceeding twice the mass of the hammer used to drive the pile (ratio ), 
the performance in terms of pile velocity may start to become undesirable, especially for long 
piles given that these values exclude shaft resistance which will further reduce the pile velocity.  
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Figure 25: Influence of pile mass on the particle velocity distribution. 
 
It was also observed that as the compression wave traveled down the pile and passed each of 
the sections, the previous section (20 m above) had already began oscillating. This indicates 
that it is unlikely that all parts of a long pile would move in the same direction during driving, 
especially since the results are based on a pile completely without shaft resistance.  

4.4 Conclusions 
The main conclusions are: 

• Even without shaft resistance, the particle velocity (pile velocity) declines significantly 
along the length of the pile if the pile is long or heavy in relation to the hammer. 

• The plots indicate that even without shaft resistance the particle velocity has declined 
significantly once the accumulated mass of the pile starts exceeding approximately 
twice the mass of the hammer. If the pile is long and heavy it would be ideal to use a 
heavy hammer in order to maintain adequate pile velocity near the toe of the pile as it 
is likely to reduce soil plugging. 
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5 Field study of performance of open- 
and closed-ended piles in Värtahamnen 

5.1 Introduction 
The field study was carried out in Värtahamnen, Stockholm (Sweden) during piling for the 
construction of a new harbor deck. In total approximately 1000 steel pipe piles with diameters 
0.914-1.168 m will be installed. Due to hard driving conditions caused by the very dense post 
glacial moraine at the site, the design includes open-ended piles to improve drivability.  

The decision of when to use open-ended piles is not based only on the drivability characteristics 
but also on the in-situ conditions. The primary structural aspect of using open-ended piles is the 
potential for significant load eccentricity at the toe, depending on support conditions, see Figure 
26. If the pipe itself has to be significantly reinforced to withstand the increased moment from 
eccentric loading, the economy of the open-ended option may not be favorable. In addition, the 
soil conditions for open-ended piles must provide greater lateral support compared to closed-
ended piles with rock shoes so that the pile is able to fix and penetrate inclined surfaces. In this 
project the criteria for when open-ended piles are feasible from this perspective is that the 
thickness of the clay layer should be at least 21 m or 8 m in combination with a moraine layer 
thickness of at least 7 m.  

The aim of the field study was to use driving records to: 

1. Identify if open-ended pipe piles resulted in a drivability-related advantage and if so 
identify during which part(s) of the installation process the advantage occurred. 

2. Quantify the gain in terms of pile driving time and energy required to drive the piles. 
 

Eccentricity

Eccentricity

Line of 
symmetry

Line of 
symmetry

 

Figure 26: Load eccentricity caused by inclined support conditions (open-ended pile to the left). 
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5.2 Methods and materials 

5.2.1 Area of study 

The piling project is part of the construction of the new Värtahamnen seaport in Stockholm, 
Sweden. The piles included in the field study were installed offshore in order to provide a new 
foundation for the harbor deck, the location of which is illustrated in Figure 27.  

5.2.2 Soil conditions 

The soil conditions at the site consist primarily of glacial clay with varying degree of sulfide 
above very dense post glacial moraine on top of bedrock.  

The bedrock generally slopes to the East in the area (see Figure 27 for orientation) and has been 
described in the geotechnical project report (Markteknisk undersökningsrapport), with 
reference to rock type mapping conducted in 1961 by SGU (Geological Survey of Sweden), as 
consisting of several types of rock such as: 

• Younger type granite with even-grained characteristics 
• Gneiss, undivided or of slate origin with elements of granite, pegmatite or feldspar and 

quarts. 

The thickness of the clay varies significantly throughout the area, generally in the range 10-30 
m. The thickness also varies significantly at the location of each of the piles studied; more 
detailed information is available in section 5.2.6. The undrained shear strength is in the region 
5-10 kPa near the seabed and approximately 30 kPa at a depth of 25 m, see Appendix A for 
derived values of undrained shear strength and over-consolidation ratios. 

Within the entire area of construction 14 cone penetration tests (CPT), 18 static penetration 
tests, 2 vain shear tests, 3 undisturbed samples and 98 soil investigations by drilling were 
conducted. An overview of investigation points around the area of the studied piles is presented 
in Appendix B. 

No investigations have been conducted to determine the properties of the very dense, post 
glacial moraine at the site. It is simply not possible to perform CPT due to the frequent 
occurrence of boulders in the very dense moraine. The unsorted particle size distribution, 
including the frequent occurrence boulders and the dilatant behavior would be the primary 
properties expected of the very dense moraine at the site. 
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Figure 27: Illustration showing the new harbour area (Stockholms Hamnar, 2013) 

5.2.3 Installation process 

The installation procedure for open- and closed-ended piles in Värtahamnen is described in this 
section. All piles are installed using a combination of vibratory driving and impact driving. The 
vibratory hammer used is an ICE 1412C and the impact hammer is an IHC S-280, capable of 
producing approximately 280 kJ driving energy during vertical driving conditions. 

The piles are installed from a barge, see Figure 28 (left). Each pile is lifted and positioned in a 
template using the vibratory hammer’s hydraulic clamps (initially they were lifted using a 
dedicated lifting device as seen to the right in Figure 28). The pile spacing is 8 m (approximately 
8 diameters) as illustrated in Figure 29 (right) and consequently interference from installation 
of nearby piles on the soil properties is judged to be limited.  

 

Area where 
most of the 

studied piles 
were driven 

N
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Figure 28: Left: Barge with crane used to install the piles.  
Right: Lifting process during pile installation. 

 

Figure 29: Left: Piles installed using the template.  
Right: Illustration of pile spacing at Värtahamnen. 
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When the pile has been positioned 
within the tolerances the crane gradually 
reduces the lifting force such that 
sinking due to self-weight occurs (1). 
Once the sinking has stopped, 
measurements are carried out to assure 
that the verticality and position of the 
pile are within acceptable limits. This is 
repeated for up to 5 piles as this is the 
limiting number of piles that can be 
installed in the template at the same 
time, see Figure 29 (left). Vibratory 
driving is then used until the penetration 
resistance is so high as to prevent 
continued efficient installation (there is 
no official termination criterion). 
Vibratory driving is terminated 
somewhere in the very dense moraine 
layer below the clay (2). The vibratory 
driving process is also stopped regularly 
to confirm that the pile is within 
tolerances. This has been observed by 
the author to lead to adjustments by 
either forcing the pile head sideways or 
retracting the pile and starting over.  

The impact driving energy used varies 
depending on different stages of the 
driving process but rarely exceeds 150 
kJ and the piles are driven vertically until 
the penetration is less than 3 mm per 10 
blows at a drop height of 200 mm, 
corresponding to approximately 28 kJ 
driving energy (3). Due to the required 
mobilized resistance, for some piles in 
the region of 14 MN relative to the 
thickness of the clay and moraine layers, 
it is generally assumed that the piles will 
be driven into bedrock and become 
mainly toe-bearing.  

 

 

  

Figure 30: Illustration of the pile installation procedure.
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5.2.4 Instrumentation and measurements 

All piles installed were measured in terms of penetration (set) during impact driving. Depending 
on the driving situation, measurements were carried out between every 10-100 blows using a 
total station and 6 prisms welded to the silencer rig that was attached to the IHC S-280 hammer, 
see Figure 31. 

 

Figure 31: IHC S-280 impact hammer with silencer rig. 
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5.2.5 Pile properties 

The piles used are steel pipe piles with geometry according to Table 3. The length of each of 
the piles are obtained from the piling records as part of the analysis, see section 5.2.6. The open-
ended piles are internally strengthened over the lowest 1 m, resulting in a thickness of 66 mm 
for the pipe wall. The change in thickness from 22 mm to 66 mm occurs linearly with a slope 
of 1:6, resulting in a transitional length of 264 mm. The geometry of the open-ended piles is 
presented in Figure 32. 

Table 3: Pile properties. 

Open-ended piles 

External 
diameter [mm] 

Wall thickness 
[mm] 

Wall thickness of internal 
pile-shoe [mm] 

Length of internal 
pile-shoe [mm] 

1067 22 66 1000 

1118 22 66 1000 

1168 22 66 1000 

Closed-ended piles 

External diameter [mm] Wall thickness [mm] 

914 22 

1168 22 

 

Figure 32: Open-ended pile geometry, showing the internal sleeve. 
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The change in wall thickness takes place on the inside of the pile in the form of an internal pile 
shoe or sleeve. Measurements conducted by several authors, presented in section 2.1.4, indicate 
that the reduction in the open area of the pile due to such a sleeve is likely to affect the 
drivability characteristics. The area reductions due to the internal sleeve for each of the open-
ended pipe pile diameters used in Värtahamnen are presented in Table 4. From the values it can 
be concluded that the open area reduction is in line with the piles studied by Byrne (1995) and 
De Nicola & Randolph (1997), leading to the conclusion that if sufficiently high stress levels 
are reached they should offer improved drivability. Without sufficiently high stress levels 
however, the drivability of the open-ended piles could instead be expected to be slightly reduced 
compared to open-ended piles without sleeve.  

The rock shoe consists of a base plate, a hollow bar forming the tip and 6 stiffeners supporting 
the hollow bar, see Figure 33. The pipes used for all piles consist of spirally welded steel sheets 
as shown in Figure 34. The piles consist of up to 2 spliced, spirally welded, sections. 

Table 4: Open area reduction as a result of internal sleeve. 

Pile diameter [m] Open area reduction 

1067 16,5 % 

1118 15,7 % 

1168 15 % 

 

 
  

 

Figure 33: Elements of the rock shoe used 
on the closed-ended piles. 
 
 
 
 

 
Figure 34: Spiral welded pipes that makes up the piles. 
 
 
 

Spiral weld 
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5.2.6 Analysis of driving records 

The driving records of 146 piles have been analyzed, corresponding to all piles that were driven 
within the time period of this master thesis and assessed to be representative for the naturally 
occurring soil conditions at the site. The distribution of piles analyzed is presented in Table 5 
and the information provided in the piling records primarily consists of: 

• Blow counts  
• Driving energy as indicated by the IHC-S280 system 
• Set (penetration) for a series of blows 
• Vibratory driving time and  
• Impact driving time.  

To be able to answer the questions in section 5.1 on the basis of pile driving records, the 
following approach was used: 

• Both open-ended and closed-ended piles, of several and similar dimensions, were 
analyzed. 

• All available driving records were analyzed in order to dilute errors and identify the 
underlying trend. To allow for as many pile types as possible to be included in the 
analysis and since the number of available driving records was not known in advance, 
no lower limit for the number of driving records was set. 

• Due to the fact that piles were sometimes driven in areas where the soil conditions are 
not representative for the area or sometimes installed through pre-drilled pipes, each 
driving record included in the analysis was hand-picked to make sure these extremes 
were excluded. No other filtration or criteria was used in the selection. 

The driving procedure involves vibratory driving followed by impact driving, see description 
of installation procedure in section 5.2.3. It proved difficult to identify when the pile was 
transitioning from clay to moraine and as a consequence it was not possible to derive the 
thickness of the moraine layer at the location of each of the driven piles. The design of the piles 
is based on a compilation of all the geotechnical investigations aimed at determining the soil 
profile and a database was established during the design process of the Värtahamnen project. 
Cross-referencing has been carried out in this study for each of the piles in the piling records 
with this estimated soil profile database. The distribution of the thicknesses of the moraine and 
clay layers at the open- and closed-ended pile locations studied are shown in Figure 35 

Table 5: Distribution of pile driving records. 

Pile type External pile 
diameter [mm] 

Number of driving 
records analyzed 

Closed 914 84 

Open 1067 16 

Open 1118 29 

Open 1168 5 

Closed 1168 12 
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Figure 35: Top left: Distribution of the thickness of the moraine layer for the studied open-ended piles. 
Top right: Distribution of the thickness of the moraine layer for the studied closed-ended piles. 
Bottom left: Distribution of the thickness of the clay layer for the studied open-ended piles. 
Bottom right: Distribution of the thickness of the clay layer for the studied open-ended piles. 

The distribution of layer thicknesses shows that there is a tendency for the open-ended piles to 
be driven through a somewhat thinner layer of moraine, compared to the closed-ended piles. 
The average and median thickness of the moraine layer for open- and closed-ended piles 
included in this study is 4.5/4.0 m and 7.1/6.9 m respectively. The open-ended piles studied 
have predicted average and median values of clay thickness 26.3/25.9 m compared to 19.5/22.4 
m for the closed-ended piles. For a more detailed distribution, showing the division into each 
pile type studied, see Table 6. 
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Table 6: Soil- and pile properties for piles included in the study of driving records. 

Pile 
type 

External 
pile 

diameter 
[mm] 

Average 
clay 

thickness 
[m] 

Median 
clay 

thickness 
[m] 

Average 
moraine 
thickness 

[m] 

Median 
moraine 
thickness 

[m] 

Average 
pile 

length 
[m] 

Median 
pile 

length 
[m] 

Closed 914 20.7 22.7 7.7 7.4 38.2 40.8 

Open 1067 24.1 23.7 5.0 5.0 41.6 41.6 

Open 1118 27.6 27.5 4.3 3.8 46.4 46.5 

Open 1168 25.8 25.2 4.1 3.7 41.4 41.1 

Closed 1168 11.3 10.4 3.0 2.1 24.2 23.7 

The major observation is that the closed-ended piles with diameter 1168 mm deviate from the 
group in terms of pile length and predicted layer thicknesses. 

To allow for comparison between the piles, the data in the piling records has been rearranged 
so that the driving data is displayed from the end of driving (EOD) level and upwards. This 
means that the behavior in terms of for example driving energy and set is compared at the same 
distance from EOD for all piles. On very few occasions the operator of the total station, 
measuring the pile set, lost contact resulting in no value for one series of blows. Linear 
interpolation was used to obtain the missing value if:  

• The blow count of that series was the same as the previous and following series 
• The Energy per blow of that series was the same as the previous and following series 
• The magnitude and trend of pile set was stable 
• The blow count was not greater than 20 blows. 

On some occasions these criteria were not all met, in that case the pile was not included in the 
analysis. 

The primary output of the analysis of the piling records was driving energy required to advance 
the pile. For a given distance from the level of EOD, the driving energy per meter penetration 
in the moraine was calculated according to: 

Energy per meter =
Applied energy at that level

recorded set
 

From this approach it follows that as the pile gets close to the level of EOD the set will become 
minimal, sometimes zero, for some of the blow series. In the case of boulders the penetration 
of some blow series may also temporarily be very small. To avoid significant distortion of the 
results, values of driving energy per meter above 300 MJ/m have been excluded. These values 
were distinctly concentrated near (millimeters from) the level of EOD for all piles which means 
that the data describing the actual driving process has not been significantly affected. The 
results are presented using both average and median values to provide some insight into the 
spread of the data. 
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5.3 Results from field study 
The results obtained from analysis of driving records are presented in this section. The 
drivability characteristics of each pile type, in terms of penetration during impact driving and 
energy required to install the piles, is presented in section 5.3.1. The time and distribution of 
time during the vibratory and impact driving phase, required to install the open-ended and 
closed-ended piles, are presented in section 5.3.2.  

5.3.1 Required impact driving energy 

Table 7 shows the distance penetrated using impact driving for each pile type. These are the 
distances from the level of EOD and they give an indication as to how close each pile type gets 
to the level of EOD using vibratory driving. A lower value indicates that the vibratory hammer 
is able to advance the pile closer to the level of EOD. 

The raw data from the calculations of required driving energy per meter penetration is 
presented as a scatter in Figure 36 for each pile type. A higher value of required energy per 
meter indicates that the piles are harder to drive, which is expected as the piles get closer to 
the level of EOD. 

Table 7: Average and median penetration during impact driving. 

Pile 
type 

External pile 
diameter [mm] 

Average penetration 
during impact driving [m] 

Median penetration 
during impact driving [m] 

Closed 914 4,05 1,36 

Open 1067 1,40 1,51 

Open 1118 1,12 1,07 

Open 1168 0,77 0,94 

Closed 1168 2,57 1,52 
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Figure 36: Top left: Impact driving energy per m for closed-ended piles with diameter 914 mm. 
Top right: Impact driving energy per m for closed-ended piles with diameter 1168 mm. 
Middle left: Impact driving energy per m for open-ended piles with diameter 1067 mm. 
Middle right: Impact driving energy per m for open-ended piles with diameter 1118 mm.  
Bottom left: Impact driving energy per m for open-ended piles with diameter 1168 mm. 
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The average impact driving energy per meter penetration has been calculated from the raw data 
presented above. In Figure 37 the results are presented for the final 3 meters of penetration due 
to the lack to data above that level for most piles (see Figure 36). The average values have been 
calculated over a distance of 0.1 m to provide some smoothening and thereby reduce some of 
the jumps (the “noise” that may otherwise occur can to some degree still be seen for the closed-
ended pile with diameter 1.168 m). An internal of 0.1 m still maintains high enough resolution 
to see the characteristic behavior of each curve.  

 

Figure 37: Comparison of average impact driving energy per meter. 
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Some of the data series (primarily open-ended piles D=1168) indicate that there are not data 
points at every 0.1 m distance. This is not an error, it simply means that there were no data 
values over that particular distance from which to calculate an average value. 

The median values have been calculated using the same procedure as for the average driving 
energy per meter above and are presented in Figure 38. 

 

Figure 38: Comparison of median impact driving energy per meter. 
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The total energy used in the impact driving process to install each of the pile types are presented 
in Table 8 and the total number of blows used in the impact driving process to install each of 
the pile types are presented in Table 9. 

To further visualize the driving process, the distribution of energy used per blow has been 
studied over the same 3 meter distance from EOD as the energy required per meter penetration 
shown above. In the same way, the average and median values of energy per blow has been 
calculated but with a resolution of 0.2 m. The results are presented in Figure 39. 

Table 8: Average and median values of the total impact driving energy used to install the piles. 

External pile 
diameter [mm] 

Pile 
type 

Average driving energy 
used [kJ] 

Median driving energy 
used [kJ] 

914 Closed 63845 49612 

1067 Open 64668 57027 

1118 Open 68953 63398 

1168 Open 77554 44938 

1168 Closed 50469 38963 

Table 9: Average and median values of the number of blows used for each pile type. 

External pile diameter 
[mm] 

Pile 
type 

Average number of 
blows 

Median number of 
blows 

914 Closed 960 731 

1067 Open 1080 840 

1118 Open 946 940 

1168 Open 1113 784 

1168 Closed 973 776 
 



FIELD STUDY OF PERFORMANCE OF OPEN- AND CLOSED-ENDED PILES IN VÄRTAHAMNEN 

 57

The results show that the minimum energy per blow during the final stage of driving is not  
28 kJ, as dictated by the installation procedure described in section 5.2.3. The hammer was 
found not to be stable at that energy output, so the target was changed to 34 kJ (but 39 kJ was 
not unusual). The termination criterion however remained unchanged at  3 mm per 10 blows. 

 

Figure 39: Left: Distribution of average driving energy per blow. 
Right: Distribution of median driving energy per blow. 
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5.3.2 Driving times 

Figure 40-43 show the time distributions open-ended and closed-ended piles during vibratory 
and impact driving. The resolution in the distributions is 1 minute, meaning that the limits are: 

minutes number of piles with driving time minutes. 

For example, if the figures show 5 piles (first y-axis) at a driving time of 15 minutes (x-axis), 
that means there were 5 piles with a driving time above 14 minutes and less than or equal to 15 
minutes. 

Figure 40 and Figure 41 show the distribution of the time it took to install open-ended and 
closed-ended piles respectively, using impact driving.  

 

Figure 40: Impact driving time distribution for open-ended piles. 
 

 

Figure 41: Impact driving time distribution for closed-ended piles. 
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Similarly, Figure 42 and Figure 43 show the distribution of driving times during vibratory 
driving for the open-ended and closed-ended piles respectively. 

 

Figure 42: Vibratory driving time distribution for open-ended piles. 
 

 

Figure 43: Vibratory driving time distribution for closed-ended piles. 
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The average and median driving times for vibratory and impact driving are presented in Table 
10. The results show that that open-ended piles outperform the closed-ended piles both in terms 
of vibratory driving time and in terms of impact driving time. 

The installation time presented on the driving records includes measurements of the pile set for 
each series of blows. The number of measurements carried out for each pile during the 
installation process may thus influence the impact driving time indicated on the driving records. 
The number of measurements carried out for the open-ended and closed-ended piles has 
therefore been studied and the result is presented in  
Table 11. 

Table 10: Average and median driving times. 

Pile 
type 

Average impact 
driving time 

[min] 

Median impact 
driving time 

[min] 

Average vibratory 
driving time  

[min] 

Median vibratory 
driving time  

[min] 

Closed 26* 20 36* 34 

Open 9* 9 31* 25* 

*The values were affected slightly by the removal of a few data points with time-values exceeding 2 hours. These 
were not included as they were assessed to not accurately reflect the driving situation. 
 
Table 11: Average and median number of measurements. 

Pile type Average number 
of measurements 

Median number 
of measurements

Open 23.2 19 

Closed 26.7 21 
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5.4 Analysis and discussion 
Section 5.4 presents the analysis and discussion of the results from the field study. The driving 
resistance during vibratory and impact driving is analyzed in section 5.4.1. Soil plugging during 
impact driving is covered in section 5.4.2 and analysis and interpretation of driving times is 
presented in section 5.4.3. 

5.4.1 Driving resistance 

Vibratory driving resistance 

There are not many conclusions to be made in terms of driving resistance during vibratory 
driving for open-ended and closed-ended piles based on the information available from the 
driving records. The main reason for this is that they do not provide information regarding the 
distance penetrated. By studying the average and median thicknesses of the moraine layer for 
each pile, derived from cross referencing with the soil profile database as previously mentioned, 
and the average and median penetration during impact driving from the driving records some 
observations can however be made. The first and perhaps most reliable observation comes from 
studying the actual values of average and median penetration using the impact hammer. A lower 
value means that the pile is closer to the level of EOD when vibratory driving has finished, 
implying that if everything else is equal the vibratory driving through the moraine was more 
successful for that type of pile. These values have been presented separately above but can be 
seen in column 5 and 6 in Table 12 and it can be concluded that the open-ended piles, in 
particular with diameters 1118 and 1168 mm, can be driven closer to the level of EOD using 
the vibratory hammer. On average all open-ended piles performed better in this regard. It should 
however be noted that the variations in thickness of the moraine- (column 3 and 4 in Table 12) 
and clay (Table 6) layers make it difficult to directly compare these results. 

When the distance penetrated using impact driving is subtracted from the thickness of the 
moraine layer, the result provides an indication of the distance that the vibratory hammer was 
able to advance the pile through the moraine. This has been done both using average and median 
values and the results are presented in column 7 and 8 in Table 12. 

Table 12: Compilation of results regarding penetration through the moraine layer. 

Pile 
type 

External 
pile 

diameter 
[mm] 

Average 
moraine 
thickness 

[m] 

Median 
moraine 
thickness 

[m] 

Average 
penetration 

impact 
driving [m] 

Median 
penetration 

impact 
driving [m] 

Average 
penetration 
vibratory 

driving [m] 

Median 
penetration 
vibratory 

driving [m] 

Closed 914 7.69 7.40 4.05 1.36 3.64 6.04 

Open 1067 4.95 4.99 1.40 1.51 3.55 3.48 

Open 1118 4.32 3.77 1.12 1.07 3.20 2.70 

Open 1168 4.08 3.73 0.77 0.94 3.31 2.79 

Closed 1168 3.01 2.10 2.57 1.52 0.44 0.58 
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The results are mixed and do not imply any drivability related gain from using open-ended piles 
when compared to the smallest (914 mm) closed-ended pile, if anything open-ended piles 
slightly underperform the closed-ended piles of that dimension. It can however also be seen 
that the vibratory hammer was only able to advance the largest closed-ended piles (1168 mm) 
approximately 0.5 m which is significantly less than all other piles. The first observation is in 
contrast to what was to be expected since soil plugging is unlikely to occur early during 
vibratory driving of large open-ended piles. Even though boulders can be common in the 
moraine, it is unlikely that all open-ended piles were affected. 

Impact driving resistance 

The results from the compilations of driving resistance over the final 3 meters of impact driving 
for each pile type, presented in Figure 37 and Figure 38 above, provided good insight into the 
behavior of the piles during driving. However, just like in the case with the results for the 
vibratory drivability of the piles, the results here are also partly inconclusive. 

All open-ended piles were expected to outperform the closed-ended pile with diameter 914 mm 
in terms of the energy per meter required to advance the piles. The primary reasons are: 

• The open-ended piles were not expected to plug in any significant way due to 
o the size of the piles, 
o the soil profiles which indicated only limited moraine layer thickness and 
o the driving procedure with a large hammer able to drive the pile in a way that 

maintained high pile acceleration near the toe of the pile. 
• Unplugged pipe piles require less energy during driving mainly because 

o the piles act like low-displacement piles during driving, resulting in lower values 
of external shaft resistance, 

o a smaller soil volume at the toe level is affected by the pile which results in a 
smaller elastic range, quake, of the soil at the toe level. This means that less 
energy is temporarily stored in this elastic deformation and more energy is 
available to cause permanent set of the pile.  

• The compilation of the soil profiles indicated a thinner moraine layer at the locations of 
the open-ended piles. Although the same data indicated that the clay layer was 
somewhat thicker it is the opinion of the author that the overall driving resistance is 
lower at the locations of the open-ended piles, compared to the closed-ended 914 mm 
piles. 

The results presented above in Figure 37 and Figure 38 clearly show that the open-ended pile 
with diameter 1118 mm required the most energy per meter to drive. It is followed by the open-
ended pile with diameter 1067 mm and the closed-ended pile with diameter 914 mm. This is in 
contrast to what was expected.  

The open-area reduction of the open-ended piles due to the internal pile shoe or sleeve, 
presented in Table 4, is approximately 16 % and the penetration distance through the moraine 
(counting both the vibratory driving and the impact driving) is below 10 pile diameters (10D). 
Based on model scale tests presented in section 2.1.4 it is possible that high enough stress levels 
were not generated for the internal sleeve to improve drivability. Instead it could be expected 
that the open-ended piles would slightly underperform same-sized piles without sleeve. They 
would however still be expected to result in lower driving resistance compared to closed-ended 
piles. 
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On the other hand, the open-ended piles with diameter 1168 mm initially outperformed all other 
piles and only over the final 0.6 meters of driving did they require more energy per meter to 
drive than the closed-ended piles with the same diameter. This is a noteworthy observation 
since the closed-ended piles were half as long and the clay- and moraine thicknesses were 
significantly smaller at the locations of the closed-ended piles.  

All piles show a distinct increase in the energy per meter required to drive them over the final 
0.5 m of driving and there is a bias towards the open-ended piles being harder to drive over this 
distance. It is possible that the open-ended piles with their 66 mm thick walls at the bottom 
would cause a stiffer response at the toe during this stage, compared to the closed-ended piles 
with a smaller pile shoe tip area, see Figure 44. Unfortunately there is little information 
available as to the exact composition of the moraine or the inclination of the bedrock at the 
locations of the piles. When talking to the crew that install the piles, their experience was that 
the bedrock was often both inclined and its surface varied significantly. This is supported by 
the fact that, as personally witnessed by the author, some piles installed 8 meters apart 
sometimes differed very significantly and unexpectedly in length.  

Due to the fact that the open-ended piles are more sensitive to inclined bedrock, all open-ended 
piles were designed based on a 30° sloping support condition during the final stages of driving. 
Extensive finite element modelling was carried out to determine the limiting driving energy that 
could safely be applied to the open-ended piles before the eccentric loading caused yielding in 
the steel (around the interface where the internal pile shoe ended and the wall thickness returned 
to 22 mm, see Figure 32 ). Because of this the initial hypothesis to explain the poor performance 
of the open-ended piles in terms of required driving energy per meter, was that the operators 
were perhaps cautious to not to hit the open-ended piles too hard, even during the initial part of 
impact driving (due to the presence of boulders in the moraine). Because the piles compress 
elastically during driving and, as mentioned previously, the soil also elastically stores some of 
the driving energy, using significantly lower driving energy per blow could negatively affect 
the effectiveness of the driving. For this reason, the installation procedure in terms of energy 
per blow was also studied for all piles over the final 3 m of driving and the results shown in 
Figure 39 above. Based on the results this can be definitely ruled out, in fact it can be clearly 
seen that the open-ended piles were driven harder than the closed-ended piles in terms of energy 
per blow. Together with the results in Table 8 showing the average and median total energy 
used to drive each of the pile types and the results in Table 9 showing the average and median 
values of the number of blows used for each pile type, it can be concluded that the open-ended 
piles underperformed the closed-ended piles in terms of energy required.  

  

Figure 44: Illustration of maximum contact area when the piles meet bedrock
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5.4.2 Soil plugging during impact driving 

Based on the results presented, two interpretations can be made: 

1. Soil plugging did occur. The open-ended piles with diameters 1067 and 1118 mm were 
fully plugged during the entire impact driving process. This interpretation comes from 
the behavior of the two pile types that shows higher driving resistance than the other 
piles from the start of impact driving (the graphs were studied above the final 3 meters 
presented in the results to confirm). 

2. Soil plugging did not occur and the interpretation of the results becomes skewed due to 
inaccurate information regarding the soil profiles. Despite using soil profiles generated 
from a significant amount of investigation points, it is the author’s view that the distance 
between these points is large enough to cause errors. This is also supported by the 
observations of significant variations in pile lengths observed at a distance 8 m apart 
during the pile installations. 

5.4.3 Driving time 

Vibratory driving time 

The distributions of the time it took to install the open-ended and closed-ended piles using 
vibratory driving show an advantage for the open-ended piles, see Figure 42 and Figure 43. 
There is a distinct bias towards lower values of driving time for the open-ended piles with  
80 % of the piles being installed in 45 minutes or less, compared to 55 minutes or less for the 
closed-ended piles.  

The average and median vibratory driving time for the open-ended piles were 31 and 25 minutes 
respectively, compared to 36 and 34 minutes respectively for the closed-ended piles. 

Based on observations by the author and the project experience of the contractor the conclusion 
is that the primary advantage from using open-ended piles did not come from reduced driving 
resistance. Instead it came from significantly better stability of the piles during vibratory 
driving, meaning that they did not diverge sideways or become inclined as easily as the closed-
ended piles. As a result of this, fewer corrections of the piles had to be made during the 
installation process (see section 5.2.3) which in turn led to reduced installation time. The 
distributions of vibratory driving times for open-ended and closed-ended piles, presented in 
Figure 42 and Figure 43 respectively, show that there is a higher concentration of closed-ended 
piles with high driving times. This is consistent with what could be expected if installation had 
to be stopped to adjust the piles. 

Impact driving time 

The distributions of impact driving time presented in Figure 40 and Figure 41 show that the 
open-ended piles have a distinct concentration to the lower end of the time spectrum while the 
driving time for closed-ended piles varied significantly. Approximately 85 % of the studied 
open-ended piles had a driving time of 15 minutes or less. In the case of closed-ended piles,  
85 % of the piles had a driving time of 45 minutes or less. 
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Apart from a more even behavior in terms of driving time, the average and median values for 
the open-ended piles were both 9 minutes, compared to 26 and 20 minutes respectively for the 
closed-ended piles, confirming the advantage regarding impact driving time.  

Based on the results of the total energy used to install the piles (Table 8) where the open-ended 
piles generally required more energy, the higher number of blows used to drive the open-ended 
piles (Table 9) and the higher required energy per meter for the open-ended piles  (Figure 37 
and Figure 38) the conclusion is that the open-ended piles should generally be expected to 
require more driving time.  

As previously mentioned, the number of measurements of the pile set that is carried out during 
the installation process will influence the driving time specified on the driving records. The 
above presented time advantage for open-ended piles over closed-ended piles should thus be 
evaluated with this in mind. The average and median number of measurements conducted 
during installation of open-ended and closed-ended piles, presented in  
Table 11, indicate that part of the time advantage may be due to fewer measurements of the 
open-ended piles. The average and median number of measurements for the open-ended piles 
studied were 23.2 and 19 respectively, compared to 26.7 and 21 respectively for the closed-
ended piles. Based on the measurements witnessed, without having studied the time required 
for the measurements in detail, it is the opinion of the author that the higher number of 
measurements carried out on the closed-ended piles during impact driving is not sufficient to 
offset the entire time difference. 

By talking to people with hands-on experience of the installation process and the people in 
charge of it, it was again (same as for the vibratory installation) a case of the open-ended piles 
showing superior stability throughout the impact driving process. The piles were described to 
be much more stable, resulting in less lateral movements and inclination of the piles during 
installation. This in turn led to fewer adjustments during the installation, which saved a lot of 
time.  

Reviewing the driving time distributions for the open-ended and closed-ended piles presented 
in Figure 40 and Figure 41 respectively, they support the claim of improved stability. Similar 
to what was observed during vibratory driving, but even more pronounced during impact 
driving, is the concentration of driving time to the lower end of the time spectrum for the open-
ended piles. The closed-ended piles on the other hand show a much wider spread, with a 
significant number of driving times in the higher end of the time spectrum. This is consistent 
with what can be expected if the closed-ended piles require more adjustments during driving, 
compared to the open-ended piles. 

5.4.4 Discussion of uncertainties and limitations 

It proved unfortunate that identification of the transition from clay to moraine could not be 
made during vibratory driving, as was originally intended. The consequence led to uncertainties 
regarding the thickness of the moraine at the location of each of the piles studied. Instead the 
soil profiles for each pile were derived from the project database, created from the 
investigations carried out. This is likely the biggest source of error and could affect the 
expectations of driving resistance for each pile type and possibly also the interpretation of the 
results. 
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Other primary sources of uncertainty are the time required to measure pile set for each series of 
blows and the time dedicated to adjusting the position and/or inclination of the piles during 
installation. To be able to accurately isolate and quantify driving times, these two activities 
should preferably be individually measured. This was not done or even thought of at the start 
of this study and the fact that in particular the stability of the piles during driving would be the 
biggest factor affecting driving time (as opposed to actual driving resistance) was not expected.  

A study of this kind requires many piles to be analyzed and it would have been ideal to have 
more piles, especially of the dimensions above 914 mm. No more piles were however available 
for analysis during the time frame of this thesis. In particular the number of open-ended piles 
with diameter 1168 mm (5 piles) is not really sufficient for an accurate analysis of that specific 
pile type. It was still included, partly to show how they behaved and partly to add to the number 
of open-ended piles (since the dimensions were similar to the other open-ended piles) for 
comparison to closed-ended piles in general. 

The initial approach of this master thesis was to evaluate soil plugging both theoretically and 
by using data from instrumented piles at the piling project in Värtahamnen. The ambition was 
to use high strain dynamic measurements to evaluate the mobilized driving resistance during 
impact driving through the entire moraine layer and the pile response to driving. Due to the 
time schedule of the production and other factors outside the author’s control it was not possible 
to conduct and include that study in this master thesis. It also proved difficult to obtain more 
accurate properties of the very dense post glacial moraine at the site through site investigations 
during the time frame of this thesis. With data from instrumented piles during driving, the actual 
soil plugging behavior of the open-ended piles in Värtahamnen could have been better 
understood and the models presented in this thesis could also have been validated through 
comparison with field data. This would have contributed even more to the understanding of soil 
plugging in very dense post glacial moraine, an area which is at the moment poorly understood. 
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6 Conclusions and proposals for future 
research 

6.1 Conclusions 
Based on the simulations, model scale tests and field studies presented in the literature review 
in section 2.1, the general conclusions are: 

• Long and narrow piles have a higher likelihood of plugging and the plugging tendency 
is also higher in dense and dilatant soils. 

• The high internal shaft resistance associated with soil plugging is concentrated to the 
lowest section of the pile. 

• The magnitude of resistance that can be mobilized by the internal soil column is strongly 
affected by whether or not the soil is able to drain during loading. 

• Open-ended piles are significantly more prone to plugging during jacked driving, 
compared to both vibratory driving and impact driving. The plugging can be linked to 
the build-up of high internal effective stress through arching. 

• Piles that behave plugged during static or low-rate loading may be expected to behave 
unplugged during impact driving, attributed primarily to the inertia of the internal soil 
column generated by the high pile velocity and acceleration. 

• It is likely that vibratory driven piles are less prone to plugging compared to impact 
driven piles but this has not been the focus of the literature study. It can however be 
concluded that vibratory driving reduces the build-up of high internal effective stresses. 

• Internal pile shoes or sleeves can significantly reduce the driving resistance of open-
ended piles. The main mechanism identified involves stress relief once the soil passes 
the sleeve and moves into the increased area of the pile, reducing the internal shaft 
resistance. In order for a sleeve to reduce the driving resistance sufficiently high stress 
levels are required – implying that if the piles are not driven through thick layers of 
cohesion-less soil a sleeve may result in increased driving resistance due to the reduced 
open area and increased annulus area. 

The recently published model, in this thesis referred to as Model 1, used to predict whether soil 
plugging is likely to occur generally shows good agreement with the existing model, referred 
to as Model 2. The parameters found to have the greatest influence on the results in the 
comparison in section 3.1 were: 

• The internal pile diameter, . 
• The internal shaft resistance, . 
• The average pile velocity/average pile acceleration, . 

Additionally the following conclusions are drawn from the same comparison: 

• Both models are in agreement that narrow (in absolute values of pile diameter, not D/L 
due to the inertia effect in Model 2) open-ended piles are more prone to plugging.  

• Both models support the conclusion from the literature review that the rate of loading 
strongly influences the likelihood of plugging.  
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• A dense cohesion-less soil that yields high toe resistance generally causes high internal 
shaft resistance and the models agree that soil plugging would be more likely to occur 
in dense cohesion-less soils under that precondition.  

• Model 2 does not predict as much of an increase in the likelihood of soil plugging with 
increasing length of the pile (plug), compared to Model 1. The soil plug length is used 
in Model 2 to calculate the inertia force – resulting in an increase in the driving force 
and not just the resisting force when the length of the soil plug increases. 

It was concluded in section 3.2 that the recently published model, derived from field 
measurements to estimate the driving resistance, is less sensitive to the pile diameter than the 
existing model based on static approach. The results imply that the added driving resistance 
from a larger pile would be offset by a lower degree of plugging in the recently published model. 
Contrary to this, the shaft and toe area in the existing model increase without any consideration 
of the influence that a larger pile may have on the plugging mechanisms. With this said, 
validation through field studies is required in order to conclude which, if any, of the models 
that is more accurate. 

The main conclusions from the 3D finite element analysis of pile velocity during impact 
driving, presented in section 4.4, are: 

• Even without shaft resistance, the particle velocity (pile velocity) declines significantly 
along the length of the pile if the pile is long and heavy in relation to the hammer. 

• The plots indicate that even without shaft resistance the particle velocity has declined 
significantly once the accumulated mass of the pile starts exceeding approximately 
twice the mass of the hammer. If the pile is long and heavy it would be ideal to use a 
heavy hammer in order to maintain adequate pile velocity near the toe of the pile as it 
is likely to reduce soil plugging. 

Over-all the results from the field study, discussed in section 5.4.1, did not show any significant 
drivability related gains for the open-ended piles in terms of the energy required to install them 
– contrary to what was expected. It can be ruled out that the driving procedure was the cause of 
the poor performance of the open-ended piles as they were in fact shown to be driven harder 
(energy per blow) than the closed-ended piles. No definitive conclusion can be drawn as to 
whether or not the piles actually plugged, although the energy required to install the piles 
indicate that the open-ended piles with diameters 1067 and 1118 mm were fully plugged. 
However, due to uncertainties regarding the actual soil profiles, it cannot be ruled out that the 
driving resistance could also be due to different soil profiles. 

In terms of driving time (installation time) performance the open-ended piles outperformed the 
closed-ended piles with significant time-savings during impact driving: 

• The average and median vibratory driving time for the open-ended piles were 31 and 
25 minutes respectively, compared to 36 and 34 minutes respectively for the closed-
ended piles. 

• The average and median impact driving time for the open-ended piles were both 9 
minutes, compared to 26 and 20 minutes respectively for the closed-ended piles. 

Contrary to what was expected, namely that the open-ended piles would result in lower driving 
resistance and thereby time-savings, the results, observations and interviews clearly show that 
the majority of the time savings came from open-ended piles being more stable during driving 
and thereby requiring fewer adjustments.  
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6.2 Proposals for further studies 
Soil plugging of open-ended piles is a highly relevant area, both in terms of drivability and the 
magnitude of resistance that can be mobilized for the piles. The fact that soil plugging is so 
strongly related to the driving method and soil conditions means that it is both hard to predict 
and to model the behavior of the piles. Below is a list of suggested areas for future studies:  

• The biggest surprise from the results from this field study was that the open-ended piles 
seemingly outperformed the closed-ended piles in terms of stability during driving, 
requiring fewer adjustments of lateral position and inclination. This is an area of study 
which could prove relevant for installations with strict tolerances but also especially 
since it is believed to be the primary reason for the time-savings produced by the open-
ended piles, compared to closed-ended piles, in very dense post glacial moraine. 
 

• As discussed in section 5.4.4, the intention was to validate the models covered in this 
thesis using field measurements. Since this could not be done, any future validation 
would add value when compared to the evaluations presented in this thesis. 
 

• Soil plugging has generally been evaluated in soils with predictable grain size and 
distribution and the mechanism in post glacial moraine is poorly understood. Any field 
data from a study in such soil conditions would be valuable. 
 

• Studies that connect the dynamic interaction between the pile and the internal soil 
column to the actual driving method applied. Modelling should preferably be compared 
directly to field data to investigate the influence of hammer, pile and soil properties. 
This is particularly interesting since it is not unusual for long piles to have the pile head 
rebound upwards prior to the compression wave reaching the toe of the pile. 
 

• The pore water pressure near the pile toe has great influence on the soil plug capacity 
through the effective stresses generated during driving. Although studies have been 
made to investigate the build-up of pore water pressure near the toe of the pile, this is 
still an area where more knowledge is needed since the results are sensitive to the soil 
and pile properties. 
 

• More available computing power these days allows for FEM analysis based on more 
advanced soil models, finer meshing, adaptive meshing and an increased number of 
components included in the model. Soil plugging during driving is consequently 
increasingly feasible to model in a realistic setup. The possibility of modelling the entire 
driving scenario and comparing the results to field measurements from the actual 
driving situation is definitely an interesting are for future research. 
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Appendix A – Results from site 
investigations 

Over-consolidation ratios for the clay in Värtahamnen 
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Undrained shear strength of clay in Värtahamnen 
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Appendix B - Orientation of investigation 
points 

Overview of site investigations in the area of the studied piles in 
Värtahamnen 
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