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ABSTRACT: The Terminal One of Port of Koper is founded on soft marine sediments comprising intermittent layering of soft clays 
and clayey gravels, up to the base rock of marl. The terminal, which is to be extended for the further 200 m into the sea, was under 
development for the last 50 years, firstly as an embankment structure and lately, as the base rock remains deeper by the terminal 
advancing into the sea, as a platform founded on steel tube piles. So far, the hollow circular steel tube piles of 0.8 m diameter were 
successfully used in the development of the terminal. The new extension is designed as a pre-stressed concrete platform, which can 
take more load per unit of loading area and features the larger spans between the piles, so that more load is attracted to the single pile. 
Due to this requirement, the piles had to be enlarged to 1.0 m diameter and extended to up to 60 meters. Theoretical and empirical 
considerations of the partial pile plugging, which were used to re-interpret the static and dynamic load test data carried out at 0.8 m 
diameter piles and estimate the capacity of the piles, are presented in the paper. 

RÉSUMÉ : Le terminal Un du port de Koper est construit sur des sédiments marins doux comprenant des couches intermittentes d'argiles 
molles et de gravier argileux jusqu'à la roche de base en marne. Le terminal, qui doit encore s'étendre sur 200 m sur la mer, était en 
constant développement au cours de ces 50 dernières années, d'abord la structure de la digue puis l’approfondissement de la roche de base 
pour le terminal avançant dans la mer et la construction de la plateforme sur des tubes d'acier. Jusqu'à présent, les tubes creux circulaires 
en acier, de 0,8 m de diamètre, ont été utilisés avec succès pour le développement du terminal. La nouvelle extension est conçue comme 
une plateforme en béton précontraint, qui peut supporter une charge par unité plus importante de la zone de chargement et comporte de 
plus grandes travées entre les tubes, de sorte qu’une plus grande charge est attirée par le seul tube. En raison de cette exigence, les tubes 
ont dû être élargis à 1,0 m de diamètre et étendus jusqu'à 60 mètres. Les considérations théoriques et empiriques de l'obturation partielle 
du tube, qui ont été utilisées pour réinterpréter les données d'essais de charge statique et dynamique effectués sur des tubes de 0,8 m de 
diamètre et pour estimer la capacité des tubes, sont présentées dans le présent document.
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1  INTRODUCTION  

1.1  The development of Terminal One at Port of Koper  
 
The development of Port of Koper started in mid 1950s at the 
northern shoreline of the historical town of Koper in Slovenia. 
The first quay walls along this shoreline were constructed as 
gravity structures founded on flysch bedrock. Further expansion 
of the fast growing harbor required the construction of the two 
large terminals placed in the shallow waters to the north of 
Koper in the middle of the bay extending from east to west. 
Both terminals were constructed by land reclamation using 
mostly the dredged material from the sea bed. Presently, both 
terminals are roughly 1 km long and some 500 m wide. The 
spatial plan for the extension of the both terminals exists and 
the present paper deals with the extension of Terminal One for 
the additional 200 m to the west (Fig. 1). Due to larger water 
depths and soft ground conditions, the extensions will be mostly 
constructed as a pre-stressed reinforced concrete platform 
founded on long steel tubular piles. The similar structures had 
been used in the Port of Koper mostly as berthing structures 
along the shorelines of the both terminals. The existing 
platforms are made of reinforced concrete without pre-stressing 
while the extensions are designed as pre-stressed structures thus 
allowing larger spans between the supporting piles. 
Consequently, the pile loads will be higher and beyond the 
existing local experience. Driven steel tubular piles of 508 and 

812 mm diameter were successfully used in the previous 
developments. For the extension of Terminal One, the 1016 mm 
diameter piles are chosen. Bearing capacity of such piles in 
gravelly layers is studied in this paper. 
 

  
Figure 1. Plan view of Port of Koper with extension of Terminal One 
(Geological cross-section 1-1 is annotated in the figure) 

1.2  GROUND CONDITIONS 

The flysch bedrock consisting of marl and sandstone layers was 
found at 60 m below the sea level. It is overlain by a few meters 
of weathered flysch and then by a sequence of gravely and 
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clayey layers. Gravel is medium dense to dense and clay firm to 
stiff. The top of this sequence is located at 30 m below sea level  

The upper layer consists of some 25 m thick very soft marine 
clay sediment which governs the ground behavior in the area of 

 

 
Figure 2. Geological cross section 1-1 in the area of the extension of 
Terminal One 

Port of Koper. The undrained shear strength of this layer varies 
between 10 kPa at the top and some 70 kPa at 30m depth (the 
rate of increase with depth is 2.3×Δz; Δz is in meters), while the 
oedometer modulus runs from 1 MPa at the top to 3 MPa at the 
bottom. The angle of shearing resistance  (°), undrained shear 
strength cu and unit weight  (kN/m3) of the bearing layers are 
given in Table 1. A geological cross section 1-1 in the area of 
the extension in the direction N to S is presented in Figure 2. 
 
Table 1. The soil parameters, used in analyses. 

Soil  (°) cu (kN/m2)  (kN/m3)

marine clay CH - 10+2.3×Δz* 16 

gravel GC 33 - 20 

firm clay CL - 60 18 

gravel GM 33 - 22 

weathered marl 30 - 22 

*Δz is in meters 

1.3  Extension of Terminal One  

The extension of the terminal is designed as a pre-stressed 
concrete platform of approximate dimensions 100×34 m 
featuring the leading structural patterns of 8.0×6.0 m to 8.0×7.3 
m. The main construction elements comprise T-shaped pre-
stressed beams, some 90 cm high and 40 cm wide at the 
standings and some 200 cm at the top. The pre-stressed beams 
are resting on the reinforced concrete beams, which are founded 
on the open-ended steel piles. The diameters of the steel tube 
piles vary from 508 mm to 1016 mm. For given ground 
conditions the required design capacities, which vary between 
3,4 MN and 7,6 MN, are predicted to be achievable at some 
40 m to 60 m depths. 
 
2  THEORETICAL AND EMPIRICAL CONSIDERATIONS 

FOR PARTIAL PLUGGING OF STEEL PILES  

2.1  Theoretical background 

The issue of soil plugging, which occurs in the open ended steel 
piles during driving, is not very well understood. The reason 
lies in the fact that during the pile driving the soil becomes a 
subject of continuous failure as it enters the tube cavity. 
Following this failure, the soil loses its structure and becomes 
partially relaxed from the initial stresses. Thus, the soil inside 
the tube i.e. a soil plug, becomes a material that is in a 

mechanical sense difficult to define. On the other hand the soil 
plug is very beneficial to the pile capacity as it enables the 
development of the internal shaft friction and some base 
capacity, which can significantly improve the total capacity of 
the pile. The key unresolved question remains to quantify and 
reliably use the contribution of the plug to the total capacity of 
an open-ended pile. 

When further driven into the ground the soil plug becomes 
densified and starts developing significant friction on the inner 
shaft of the pile up to the point of preventing additional soil 
entering the tube. In this case the cumulative internal friction 
generated by the soil plug is greater than the base capacity of 
the soil at the particular depth of the drive. This phenomenon is 
referred as a ˝fully plugged˝ pile meaning that an open ended 
pile behaves as a closed ended pile and its capacity can be 
determined accordingly, i.e. using the full base capacity. 
However, during the driving, the fully plugged pile can become 
and remain partially plugged, as indicated in Figure 3.  

The soil plugging behaviour was early recognized as an 
important issue for the capacity of the open ended pile (Kishida 
and Isemoto, 1977; Klos and Tejchman, 1977) but until recently 
very few recommendations for the design could be found in the 
literature. Gudavalli et al., 2013 presented a methodology of 
quantifying the effect of soil plugging on the capacity of piles 
driven in dense to very dense sandy soils with diameters 
ranging between 406 mm and 914 mm. Moorman et al., 2015 
presented a comprehensive overview of the pile capacity 
calculations for partially plugged piles.  

2.3  Estimate of the pile capacities according to Lüking and 
Becker. 

Lüking and Becker, 2015 proposed a method for the 
calculation of the axial bearing capacity for open ended steel 
piles, which distinguishes three cases relative to the pile 
diameter D: a) fully plugged (D ≤ 0.5m), b) not plugged (D ≥ 
1.5m) and c) partially plugged (0.5m < D < 1.5m). According to 
them, the total axial bearing capacity of the fully plugged pile is 
determined from: 

, 1 , , , , ,( )tot case b plug b plug plug b an an j s s j s jQ s q A q A A      (1) 

where s is the settlement of the pile after installation, 
ηb,plug = 2.52 e-1.85 D [-] with D in [m], qb,plug is the characteristic 
value of the bearing resistance of the plug [kPa], Aplug is the 
value of the area of the plug [m2], qb,an is the characteristic 
value of the bearing resistance of the annulus [kPa], Aan is the 
area of the annulus [m2], ηs = 1.53 e-1.85 D [-] with D in [m], τs,j 
is the characteristic value of the outer shaft friction for the layer 
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of soil j [kPa] and As,j is the area of the outer shaft within the 
layer j in [m2]. 

In the case of no plug, the proposed formula for the total axial 
bearing capacity is: 

, 2 , , , , ,( )tot case b an an j s s j s j j s is j is jQ s q A A A       (2) 

where τis,j is the characteristic value of the inner shaft friction 
for the layer of soil j [kPa] and Ais,j is the area of the inner shaft 
area in the layer j, minus the top 0.2 L of the pile [m]. 

 

Figure 3. Description of a soil plugging for open ended steel pile: a) not 
plugged, b) partially plugged, c) fully plugged, after Moorman et al. 
2015. 

 
Figure 4. Calculation factors for partial plugging according to Lüking 
and Becker 2015. 

For a partially plugged pile the above total capacities are 
summarised using the plugging calculation factors ψ and χ 
related to the outer pile diameter D, as shown in Fig. 4, so that: 

, 3 , 1 , 2( ) ( ) ( )tot case tot case tot caseQ s Q s Q s  
  

(3)
 

For drained conditions applicable for the gravel and marl layers 
the end bearing capacity of piles for the both plug and the 
annulus were calculated using the following equation: 

'b q vq N  
     

(4)
 

where Nq is the bearing capacity factor calculated according to 
Berezantsev, 1961 and 'v is the vertical effective stress. For the 
undrained conditions applicable for the clay layers the end 
bearing capacity of piles for the both plug and the annulus was 
calculated using the following equation: 

b c uq N c 
     

(5)
 

where Nc = 9 and cu is the undrained shear strength for the soil 
at particular depth. The estimate of the both internal and 
external shear stress caused by the shaft friction was for drained 
conditions determined using the equation:  

0 ' tans vK    
   

(6)
 

in which K0 is the coefficient of the horizontal stress (used 
K0 = 1-sin' for normally consolidated sediments) and  angle 
of friction at the contact of the pile and the ground (used  / ' = 
0.70). For undrained conditions the estimate of the both internal 
and external shear stress caused by the shaft friction was 
determined using the equation: 

s uc  
    

(7)
 

in which coefficient  was taken 0.7. Since piles Ø812/12.5 
mm and Ø1016/14 mm are both considered as partially plugged 
according to Lüking and Becker, the pile capacities were 
calculated using the Equations 1 to 7. The values of ψ and χ for 
different pile diameters were chosen according to Fig. 4 and are 
summarised in Table 2. 
 
Table 2. Values of calculation factors ψ and χ for different pile 
diameters  

Pile diameter/ steel thickness ψ χ

Ø812/12.5 mm 0.68 0.43

Ø1016/14 mm 0.48 0.65

The estimate of the variation of the total pile capacity with 
depth for piles Ø1016/14 mm using the method proposed by 
Lüking and Becker at the location of the borehole KT1, is 
shown in Figure 5. For the sake of comparison, the estimate of 
variation of the pile capacity is also given for Gudavalli’s 
method in the same figure. It can be seen that both methods 
give comparable results for the piles with their base in gravel, 
while for the piles with their base in clays or marls the 
Gudavalli’s method significantly overestimates the end bearing 
capacity of the pile relative to the other method. This was 
attributed to the fact that Gudavalli’s method was solely based 
on the inner pile diameter, while the Lüking and Becker’s 
method takes into account also the properties of the soil at the 
pile base. It was concluded that the boundary conditions on the 
site significantly differ from the preposition of the Gudavalli’s 
method, in which the tested sites had uniform layering of dense 
to very dense sands.  

 

Figure 5. The variation of the ultimate pile capacity with depths at 
location of KT1, according to both methods, for piles Ø1016/14 mm. 

3  BACK ANALYSES OF THE PILE TESTS ON SITE 

3.1  Presentation of the results of the pile tests on the location 
of Terminal One 

The newest constructed structures of the Terminal One, named 
quay 7A, 7B and 7C, were all founded on the driven open-
ended steel tube piles Ø812/12.5 mm. Prior to and during the 
construction, the static and dynamic load tests were carried out 
(Strniša et al. 2007, 2008, 2014). Generally, the tested piles 
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were separated into the two groups. The first group contained 
40-45 m long piles with their bases located in the gravel layer 
(GP). The second group contained the piles over 50 m long, 
which were founded into the weathered marl and marl bedrock. 

The dynamic load tests were evaluated using the wave 
analysis software. The results of more than 25 pile tests are 
summarised in Figure 6. It can be seen that the pile bearing 
capacity gradually increased over time due to dissipation of the 
excesses pore pressures generated by driving (trends shown by 
dashed line). In order to better understand the time component 
of this phenomenon, the tests on some piles were performed 
following the different time periods since their installation, so 
that the estimate of the fully drained capacity was taken into 
consideration. 

 

 
Figure 6. Measured bearing capacities for the piles with their bases in 
gravel and marls (Interpreted after Strniša et al., 2007, 2008, 2014). 

The additional static load tests were performed for the 
calibration purposes. The interpreted results of the dynamic and 
static load tests (Strniša et al., 2007, 2008, 2014) are 
summarised in the Table 2 below. 
 
Table 2. The comparison between the ultimate bearing capacity 
obtained using the pile load tests (Interpreted after Strniša et al., 2007, 
2008, 2014). 

Test 
pile 

age 
(days) 

pile length (m)
test bearing 

capacity (kN)

E44 38 42.1 dynamic 5,199

E44 36 42.1 static 4,900

D44 3 42.0 dynamic 4,508

D44 50 42.0 static 5,500

P2 42 56.0 dynamic 5,958

P2 32 56.0 static 6,500

3.2  Back analyses of the pile capacities 

The approximate soil stratification at the location of the quays 
7A, 7B and 7C, in which the pile load tests were carried out, 
was as follows: 0-3 m water; 3-31 m soft marine clay CH; 
31-33 m gravel GC; 33-40 m firm clay CL; 40-50 m gravel GM; 
below 50 m was marl, which was weathered in the first few 
meters. The ultimate capacities of piles were calculated for this 
geological profile using the Lüking and Becker method for the 
partially plugged piles. The increase of the calculated capacity 
of the piles with depth was then compared to the measured pile 
capacities presented in Figure 6 and given in Table 2. The full 
set of results is shown in Figure 7. 

4  DISCUSSION AND CONCLUSIONS  

As it can be seen in Figure 7, there is a good agreement 
between the calculated and the measured values, which 
indicates that Lüking and Becker method is applicable for the 
given site conditions. Also, there is a noticeable drop in the 
calculated pile capacities at 50 meters depth indicating the 
presence of weaker strata of weathered marl, which is in 
accordance with the expectations. 
 

 
Figure 7. The comparison between the calculated and the measured pile 
capacities for piles Ø812/12.5 mm. 

However, the range of the measured capacities is quite wide 
ranging from 3.5 MN to 5.5 MN at 40 plus meter depths and 
from 5.5 MN to 7.2 MN at 50 plus meter depths. This indicates 
that the measured pile capacities for piles Ø812/12.5 mm 
cannot be straightforwardly extrapolated to determine the 
capacity of larger Ø1016/14 mm piles. There are two reasons 
for this: a) significant spatial variation of the localities and the 
thickness of the weaker (clay layers) and the stronger (gravel 
layer) strata seen in Figure 1 and b) uncertainties about the 
degree of plugging for the larger Ø1016/14 mm piles for the 
given site conditions. For this reason a series of dynamic and 
static pile tests were requested at critical locations prior to 
execution of the pile driving for the extension of Terminal One. 
The results of the pile tests will be compared with the estimate 
using the Lüking and Becker method given in Figure 5 so that 
the design procedure can be appropriately adjusted or corrected. 
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