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Abstract
In case of driving of pipe piles inside soil-pile cylinder creates
sufficient resistance to prevent further soil intrusion, making
pile to become plugged. Absence the knowledge about
outcomes of pile plugging prompts wrong prediction of pile
capacity. In this paper, the recent advances in prediction of
plugging and its impact on pile capacity are described.
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INTRODUCTION
Open-pipe piles were generally utilized for foundations in
marine soil. Pipe piles usually driven in the ground using pile
driving hammer. With advancement of pile penetration,
adequate frictional resistance may be developed in inner soil
cylinder preventing categorizing the pile as 'plugged'. Openended pipe pile assumed the penetration attributes of a closedended pipe pile. The magnitude of internal skin friction(𝝉𝒊 ),
normally governs the plugging behavior. The load carrying
capacity of a plugged and unplugged piles are entirely
different. This paper critically reviews the various methods
available in the literature regarding the development of soil
plugging and its effect on load carrying capacity.

Figure 1. The three possible states of the inner soil.
(a) Unplugged—free soil intrusion; (b) partially plugged—
limited soil intrusion; (c) fully plugged—no soil intrusion,
(Courtesy: Paikowsky et al., 1989)

Paikowsky et al. (1989)
Paikowsky et al (1989) reviewed the offshore pipe pile
plugging phenomenon and its effect on load carrying capacity
(Fig. 1). The length of the soil in inner side of pipe pile is
equivalent to the depth of penetration during initial stage of
installation but as penetration proceeds, the length of soil in
inner side of pipe pile is less than the depth of penetration
thanks to development of frictional resistance. Thus, the pipe
pile may be considered as partially plugged. With further
penetration adequate friction resistance may be developed in
pipe pile which prevent any soil movement inside, loading to
pile become plugged. Although load carrying capacity of pipe
pile depends on plugging phenomenon lack of data available
in literature raises the following issues:

They reported that the completely plugged open-ended pile in
granular soil achieves the tip resistance of the close-ended pile
leads to increase its in load carrying capacity. However, in
case of pipe pile driving in clay, the development of pore
pressure increment, longer provide of time is required for the
pile capacity increase, as the pore pressure dispersal takes
longer time. In the Gulf of Mexico, in view of the
investigation of plugging information on 60 piles at 10 sites,
the observation were made;
1) No plugging occurs when pile is penetration in sand
deposits of depth equal to twenty times pile diameters.
2) Plugging occurs when penetration depth is more than
diameter ratio.

1) Consequences of soil plugging
2) Role of plugging in pile-driving activity.
3) Understanding of plugging by suggesting ordinary
plug length instead of incremental changes.

Paikowsky and Whitman (1990)
In this paper, Paikowsky and Whitman (1990) discussed that
due to lack of information regarding soil plugging leads to
misinterpretation of plugging length as actual pile length than
that of incremental pile length. That leads to wrong plug
measurement in pile driving and it is need of time to
understand the consequences of soil plugging on the pipe pile
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capacity. The stresses acting upon pipe piles under plugged
and unplugged condition respectively (Fig. 2) may be given
below,
𝑄𝑢𝑛𝑝𝑙𝑢𝑔𝑔𝑒𝑑 = ∑ 𝑓𝑠𝑜 𝐴𝑜 + ∑𝑓𝑠𝑖 𝐴𝑖 + 𝑞𝑝 𝐴𝑡
𝑄𝑝𝑙𝑢𝑔𝑔𝑒𝑑 = ∑ 𝑓𝑠𝑜 𝐴𝑜 + 𝑞𝑝 𝐴𝑝 = 𝑄𝑐𝑙𝑜𝑠𝑒−𝑒𝑛𝑑𝑒𝑑
Where 𝑓𝑠𝑜 is the outside unit shaft resistance of pile and 𝑓𝑠𝑖 is
the inner side unit shaft resistance of pile and 𝐴𝑜 and 𝐴𝑖 are
the outer shaft resistance and inner shaft resistance. 𝐴𝑝 the
cross-sectional area of pile, 𝐴𝑡 is cross-sectional area of steel
tip and unit end bearing capacity is the 𝑞𝑝 .

(b)
Figure 3. The effect of a plug upon the static capacity of a
pile in (a) clay and in (b) sand, (Courtesy: Paikowsky and
Whitman, 1990)

Leong and Randolph (1991)
In this paper response of soil plug was studied using FEM
technique. Authors considered the soil plug as elastic, elasticperfectly-plastic (Mohr-Coulomb) and elastoplastic (modified
Cam clay). Softening impact of an interface has not
considered. The deformational behavior of the soil plug is
well represented with the help of an elastoplastic model
(modified cam clay). It is assumed that the partially drained
issue and consolidation issue is same. Authors found that the
soil plug capacity which influenced by the permeability.
Taylor recommended a relationship of permeability and the
void ratio and furthermore gives a realistic modeling of the
physical circumstance. Two model of soil plug were tested in
the laboratory and find in close agreement with one obtained
from FEM analysis.

Figure 2. Stresses acting on open pipe piles under (a)
unplugged and (b) plugged conditions
(Courtesy:
Paikowsky & Whitman, 1990)
The point resistance conveys around 25% of an ultimate load
at depth to diameter ratio of D/B= 30. Also, it is evident from
Fig. 3, that pipe pile in the clay are expected to the plug (i.e.,
when 𝑄𝑜𝑝𝑒𝑛 reaches 𝑄𝑐𝑙𝑜𝑠𝑒𝑑 ) at a depth proportion of D/B=
10-20 (approximate), whereas it takes place at D/B = 25-35, in
case of sand. Performance of pipe piles in terms of load
carrying capacity depends on the plugging

Randolph et al. (1991)
Randolph et al (1991) carried out one-dimensional study of
the soil plug under drained conditions. They considered both
the modes such as plugged as well as unplugged. In plugged
mode, pipe pile will be fail, if the shear capacity along the soil
plug length surpasses end bearing capacity at the base of the
plug, but during driving the inertia of soil plugs causes slip
relative to the pile preventing plugging of the pile (Randolph
1987). Thus, the open-ended pile will fill up with soil amid
driving in static loading; it fails as the close-ended pile.
Authors developed the analytical solution for plug response
under (a) undrained and (b) drained condition. The variation
of β with φ for different ratio of tan δ/ tan φ is developed (Fig
4), where φ is an internal angle of friction, δ is internal
friction angle amongst soil and pile. The value of β is
relatively insensitive to φ but more sensitive to the ratio tan δ/
tan φ, it will depend upon surface roughness of the pile shaft

.
(a)
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and the grain size of the soil plugged material. Authors
suggested that normalized undrained capacity at the base of
soil plug can be given as,
𝑞𝑏𝑢
ϒ′ ℎ

Where, α =

=𝛼

𝑝
𝛾′ ℎ

+0.5α

4𝛽ℎ
𝑑

Where 𝑞𝑏𝑢 = undrained bearing capacity, ϒ’= effective unit
weight of soil, p= effective surcharge, h= height of pile, d=
internal diameter of pile and β is the ratio of horizontal to
vertical powerful stress in the plug.
In case of slow loading, no excess pore pressure develop, then
normalized end bearing capacity may be given by,
𝑞𝑏𝑑
ϒ′ ℎ
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Where 𝑞𝑏𝑑 = drained bearing capacity.
And for zero surcharges the ratio of drained to undrained pile
capacity is,
𝑞𝑏𝑑
𝑞𝑏𝑢
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Figure 5. Pluvial deposit system in the calibration chamber
(Courtesy: Paik and Lee, 1993)

− 1}
Model steel piles of external diameter 42.7 mm, the internal
diameter of 36.5 mm and length 908 mm were used in the
calibration chamber. Model pile test was done with in dry
sand deposit with three distinct relative densities which is
clarify an impact of soil conditions on the bearing capacity
and behaviour of an open-ended pipe pile. By the help of
hammer blow, model piles were driven in to the sand deposit.
Impact of stress condition and relative density of sand deposit
on the plug capacity is plotted (Fig 6). It is found that the plug
capacity is influenced by the relative density and lateral stress
acting on the pile tip.

Authors also suggested that the capacity may be enhanced by
using granular soil plug over the top of nature soil cover.

Figure 4. Variation of limiting stress ratio, β, with friction
angles δ and φ, (Courtesy: Randolph et al., 1991)

Paik and Lee (1993)
Paik and Lee (1993) had organized a series of calibration
chamber test on open-ended pipe piles with an aim to
understand impact of condition of soil on the mechanism of
load-transfer in the soil plug. Typical layout calibration
chamber used in this study is shown in Fig 5.
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6) Earth pressure coefficient K reduces with an increase
in the penetration depth and increase with increase in
initial lateral stress in soil plug and also K increase
with reduces in relative density of soil.
7) By one-dimensional analysis, the load transfer
mechanics of the soil plug can be roughly
represented.

Nicola and Randolph (1997)
This paper describe centrifuge testing an open-ended model
piles installed using miniature pile driving actuator (Fig 7) in
saturated silica flour.

Figure 7. Schematic diagram of pile driving actuator
(Courtesy: Nicola and Randolph 1997)
Figure 6. Variation of plug capacity with (a) ambient vertical
pressure, (b) ambient lateral stress, and (c) relative density of
sand deposits (Courtesy: Paik and Lee, 1993)

Tests were conducted by using 50 g ram with drop height of
11 mm along with driving frequency of 15 Hz. The model pile
and inserts is shown in Fig 8. The movement of the soil
column was checked during all phases of testing model to
decide the impacts of density, installation technique and tip
conditions on the bearing capacity of the soil plug. From the
driven pile tests, it was find out the final height of the soil
column for open-ended piles was prominent than that for
sleeve-ended piles. The main advantage of an interior sleeve
isn’t felt until higher penetration ratios, as shown by Byrne
(1995). Comparison of piles driven into the soil of various
densities revealed that the height of the soil column plug
increase with increasing density. This was basically because
of the higher bearing resistance of the dense soil, leading to
greater volume of soil entering the pile. Piles installed by
jacking demonstrated that the height of the soil column (a)
was less for open-ended piles than sleeve-ended piles, and (b)
reduced with expanding density. The results demonstrate that,
without dynamic impacts, high normal stresses are locked into
the soil plug, encouraging plugging of the pile. The internal
stresses are comparatively larger for dense soil conditions,
because of soil dilation, and noteworthy relief might be given
by an inner pile shoe. Soil plug capacity was evaluated

Based on this experimental study, the following observations
were by the authors,
1) The rate of plugging of an open-ended pipe pile can
be much accurately defined with the help of the
increasing plug length ratio (ϒ), in comparison to the
plug length ratio (PLR).
2) The plug resistance is greater or equivalent to the
external shaft resistance.
3) Relative density controls the ratio of lateral stress on
outer and initial lateral stress.
4) The plug capacity is unaffected by the vertical stress
but it is influenced with the relative density and
lateral stress which is acting on the pile tip.
5) Wedge plug zone length relies upon relative density.
If relative density reduces then the wedge length of
plug zone is also reduces. Plug resistance
(approximate 90%) is transformed to soil plug,
regardless of the soil condition.
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utilizing approach of Randolph et al. (1991), however with an
internal earth pressure coefficient that reduces from the
maximum near the pile tip to a minimum value at five
diameters from the tip. The maximum value was found to
correlate directly with the relative density of the soil. The
expected end-bearing capacities were found in close
arrangement compares with field and model pile load tests
reported by other researchers, in addition to the test results
presented in the study.

To find out the impact of soil plug on the capacity of pile, an
experimental program consisted of total 60 model tests for
inspecting criterion. The experiments were conducted under
1g condition. Also, a new instrument is developed that can
remove the soil plug. This instrument comprises of aluminium
tube its length is 400 mm, the diameter is 15 mm and inner
side a steel tube rod length is 470 mm, its diameter is 8 mm
and length of spring is 70 mm, below the aluminium rod. In
the drilling device generally added a rotating helical screw
blade, which is used in as the screw conveyor to remove the
drilled soil out and blade is gently pulled out and sand is
removed outerside of pile (Fig 10).

Figure 8. Model piles and inserts (dimensions in mm)
(Courtesy: Nicola and Randolph 1997)
Figure 10. Soil plug removal and measurement instruments
(Courtesy: Fattah and Al Soudani)
Fattah and Al-Soudani (2015)
This paper centered on findings of the impact of soil plug on
ultimate compression capacity of single open-ended steel pile,
and also compares with closed-ended pile. They suggested a
new sort of pile which was closed-open-ended piles driven
and pressed into sandy soil of medium density and dense
density in which axial compression test was executed on
model pipe piles, shown in Fig 9.

Based on this research paper the following points may be
given;
1.

1.
2.

3.
Figure 9. Pile pressing system installation (Courtesy: Fattah
and Al-Soudani, 2015)
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Pile load carrying capacity in dense sand is many
times more from loose and medium type of sand
specifically the case of open-ended piles or closeended piles. This might be attributed to condition that
pile in denser sand can produce outside and inner
skin friction notwithstanding end bearing resistance
that makes total capacity of pile close to that of
close-ended pile.
Length of soil plug is dependent on sort of
installation and also on relative density.
For the type of pile suggested in above investigation,
open-ended pipe piles are closed with a plate which
welded at a distance of 2D, 3D and 4D from tip of
the pile, and open part of pipe pile has a limited
length, which was observed to be 3D. Obtained
length shows the maximum pile capacity because of
improvement of both inside and outside skin friction
notwithstanding end resistance.
Despite the fact that the total stress which develops
amid establishment is related with degree of soil
plugging and the radial effective stress which
controls the shaft resistance is free of the mode of the
penetration (driving or pressing).
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Fattah and Al-Soudani (2016)

CONCLUSION

Authors examine the plug behavior on the basis of pile load
capacity and plug removal effects. Various criterions taken,
like as the pile diameter to the length proportion, kind of
installation in loose sand, and expulsion of plug into three
stages (50%, 75% and 100%). If the soil plug formed at the
inner side of the pipe piles in state of partially or fully plugged
(Fig 11), the behavior of open-ended pipe piles is same like a
close-ended. The Length of soil plug is depending on the sort
of installation. During penetration, an inner and outer friction
is irregularly mobilized by the driven pile and as outcome;
pile is advanced up by soil core.

Based on review of the state of art papers as discussed in
paper, the following points may be drawn;
1.
2.
3.

4.

5.
6.
7.

Load carrying capacity of pipe piles depends on the
soil plug developed inside the pile.
In open-ended pile, the plug length is greater than
sleeve-ended pile.
Pipe piles may be installed either by hammering or
jacking. It is reported as the plug length in case of
pipe piles installed by hammering is more than one
installed by jacking.
If the soil plug formed at the inner side of the pipe
piles in state of partially or fully plugged, the
behavior of open-ended piles is same as a closeended pile.
An open-ended pile settlement is more than the close
ended pile settlement.
Most open ended piles fails in a plugged mode
during static loading.
Pipe pile fails in plugged mode, if shear capacity
along the length of soil plug exceeds and bearing
capacity at the above of plug.
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