
1 INTRODUCTION   

The axial load-carrying capacity of an open-ended 
pipe pile is developed through friction along the in-
ternal and external walls of the pile combined with 
end-bearing resistance directly beneath the pile an-
nulus. Due to the constrained nature of the internal 
soil core, or soil plug, the majority of the internal 
friction develops within 2 – 3 diameters of the pile 
toe. The base resistance of an open-ended pile is de-
fined as the combination of the end-bearing stress 
beneath the pile plug, qplug, and the pile annulus, 
qann. During installation, an open-ended pile can be 
fully coring or it can experience various degrees of 
plugging, preventing the full intrusion of soil into 
the pile. A plugged pile will cause more displace-
ment and densification to the soil as it penetrates 
than a fully coring pile, thus generating a higher re-
sistance. The degree of plugging which occurs dur-
ing installation can be quantified by the Incremental 
Filling Ratio (IFR) which is defined as the rate of 
change of height of the soil plug with respect to pile 
penetration (IFR=1 when pile is fully coring and 
IFR=0 when pile is fully plugged). Laboratory and 
field studies (Gavin & Lehane 2003, Xu 2007, Paik 
& Lee 1993, and others) have demonstrated that 
plugging during installation strongly influences both 
the base and external shaft capacities.  

The external unit shaft resistance which can de-
velop along a pile, τf, has been shown to be go-
verned by friction and is dependant on the effective 

horizontal stress during failure, σ′rf, and the mobi-
lized angle of friction, δ (Lehane 1992);  

τf = σ′rf . tan δ (1) 

The evaluation of δ is possible through simple labor-
atory testing or it can be estimated using well estab-
lished correlations with particle size and shaft sur-
face roughness (Uesegi & Kishida 1986 and others). 
The estimation of σ′rf is an area of greater uncertain-
ty. The use of in-situ site characterization parameters 
such as the Cone Penetration Test (CPT) in pile de-
sign has become popular due to the good correlation 
between cone resistance, qc, and the in-situ density. 
Simple design methodologies (known as ‘alpha’ me-
thods), which relate τf to CPT qc through a scalar 
coefficient are common but highly empirical. Nu-
merous studies (Meyerhof 1956, Bustamante & Gia-
neselli 1979, Foye et al 2009 and others) have rec-
ommended differing ‘alpha’ coefficients. Recent 
advances in pile design have been achieved through 
the closed-ended Imperial College Pile (ICP) testing 
program (Lehane 1992 and Chow 1997) which di-
rectly measured the radial effective stresses acting 
on the pile shaft, thus identifying some of the key 
mechanisms controlling pile behavior in sand. How-
ever, due to geometric constraints associated with 
instrumenting open-ended piles there are no tests re-
ported to date which have reliably measured the 
radial effective stress from open-ended piles in sand 
in a similar manner to the ICP tests. This paper 
presents measured radial effective stresses from an 
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open-ended pile test in loose sand and demonstrates 
the effect of plugging during installation on these 
stresses. The validity of certain assumptions made in 
recent design methods regarding the extrapolation 
from closed- to open-ended piles are questioned in 
light of these findings.  

2 BACKGROUND 

Based on radial stress measurements from the 
closed-ended ICP, Lehane (1992) demonstrated that 
σ′rf comprised of two main components; 

σ′rf = σ′rc + ∆σ′rd (2) 

where σ′rc is the equalized radial effective stress and 
∆σ′rd is the increase in radial stress during loading. 
Lehane et al. (1994) attributed the increase during 
loading to dilation in a thin interface zone at the pile 
shaft and showed that ∆σ′rd was inversely dependant 
on pile diameter and hence small piles would expe-
rience significant scale effects. This highlights the 
importance of directly measuring the radial effective 
stresses. The ICP tests demonstrated that at a given 
level along the pile the σ′rc varied proportionally 
with the CPT qc. Another important finding of these 
tests was the reduction in measured radial stress with 
distance from the pile tip (commonly referred to as 
friction fatigue). These findings, in conjunction with 
database studies and theoretical modeling, led to the 
development of two recent CPT design methods, the 
IC-05 (Jardine et al. 2005) and UWA-05 (Lehane et 
al. 2005). Similarities between the two methods in-
clude the incorporation of an h/D parameter (dis-
tance form the pile tip, h, normalized by pile diame-
ter, D), expressed as a power function, to account for 
friction fatigue. However, both approaches use very 
different methods to extrapolate from closed- to 
open-ended pile behaviour. Chow (1997), who ex-
amined the shaft friction profiles on two open-ended 
piles in dense sand, proposed substituting the D pa-
rameter with D

*
: 

D
*
 = √(D

2
 – Di

2
)  (3) 

where Di is the internal diameter. This approach re-
sults in similar radial stresses for closed- and open-
ended piles near the tip, but a stronger rate of decay 
with distance from the pile tip and fails to take into 
account the degree of plugging during installation. 
However, it was argued that due to the difficulty in 
predicting plugging prior to installation this disad-
vantage was nullified, and as a result Equation 5a 
was adopted in the IC-05 method. 

White et al. (2005) proposed that there was a 
stronger logical basis for applying a modification 
factor to qc rather than h/D. White et al. (2005) ex-
plored the possibility of using a function such as the 
effective area ratio Ar,eff (ratio of volume of dis-
placed soil to the gross pile volume) to account for 

the reduced soil displacement imposed by an open-
ended pile: 

Ar,eff = 1 – IFR (Di / D)
2
  (4) 

The Ar,eff value is unity for a closed-ended pile re-
ducing to zero for an infinitely thin-walled fully cor-
ing pile. Using simplified cavity expansion theory, 
White et al. (2005) demonstrated that the Ar,eff ex-
pressed as a power law could be used to extrapolate 
from closed- to open-ended radial effective stresses. 
This method allowed for reduced friction along the 
entire shaft, based on the degree of soil displacement 
imposed during installation and was subsequently 
adopted for the UWA-05 design method (see equa-
tion 5b).  

σ′rc = 0.016 . qc . (h/D
*
)
-0.38

 . (σ′v0 / Patm)
0.12

 (5a) 

σ′rc = 0.03 . qc .(h/D)
-0.5

 . Ar,eff
0.3

 (5b) 

where Patm is the atmospheric pressure (≈100kPa). 
Both design methods incorporate a minimum h/D 
value which prevents an overly dramatic increase of 
σ′rc near the pile tip. It is important to note that for 
both methods there is an increased σ′rc near the pile 
tip, even for coring piles which have a low Ar,eff (see 
Figure 1). 
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Figure. 1 External shaft friction profiles derived for recent 
CPT design methods for piles in sand 

3 DESCRIPTION OF EXPERIMENTS 

3.1 Site Conditions 

The test site discussed in this paper is a sand quarry, 
situated at Blessington, 25 km southwest of Dublin. 
The natural in-situ material is a heavily over-



consolidated, glacially derived, very dense, fine sand 
deposit with close to 100% relative density and a 
CPT qc resistance in the range of 15 – 20 MPa. Giv-
en the high CPT qc values at the site, the pile could 
not be installed in the natural ground. To overcome 
this, a large 2.5 m wide, 10 m long and 6 m deep 
trench was excavated at the site. The excavated ma-
terial was backfilled into the trench maintaining a 
minimum drop-height of 1 m. Eight CPTs conducted 
in the trench verified the formation of a uniform de-
posit of loose sand. The average CPT qc is shown in 
Figure 2. Up to 1.5 m depth the trench was com-
pacted by the CPT rig and general quarry trafficking, 
which is reflected in the qc profile. Below this level 
the CPT qc was relatively consistent between 0.8 and 
1 MPa until the base of the trench was approached at 
≈ 6 m depth.  
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Figure 2. Average CPT qc in Trench 

3.2 The UCD Instrumented Model Pile 

The UCD open-ended model pile is constructed us-
ing the twin-wall design, pioneered by Paik & Lee 
(1993), which allows for the separation of the inter-
nal and external shaft loads (Figure 3). The pile has 
an external diameter (D) of 168 mm and a wall 
thickness (t) of 9 mm giving a D/t ratio of ≈19 in 
line with piles used offshore (typically 15 – 45). 
This results in the pile having an Ar,eff = 0.2 when 
fully coring. The pile consists of an instrumented 
section 2 m in length and a series of 0.8 m long in-
terlocking extension pieces which can increase the 
pile length to 6 m. The total radial stress and pore 
pressure sensors were mounted diametrically apart at 
h/D spacings of 1.5, 5.5 and 10.5. Electrical resis-
tance strain gages, which were bonded to the inner 
and outer wall surfaces at different levels along the 
length of the pile, allowed for the independent mea-
surement of the loads taken by outer shaft, internal 
plug and pile annulus throughout testing.  
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Figure 3. UCD open-ended model pile (after Igoe et al, 2010) 

3.3 Testing Overview 

The pile was jacked using a 20 tonne CPT rig as a 
reaction, from a 1.9 m deep starting hole to a final 
depth of 5.9 m. The truck’s hydraulic rams (which 
push at a constant rate of 20 mm/s) were used to jack 
the pile in 100 mm strokes with the load being com-
pletely removed between each stroke to allow mea-
surement of the plug length and stationary horizontal 
stress values. 

4 EXPERIMENTAL RESULTS 

4.1 Plugging Response 

The IFR profile measured during installation is 
shown in Figure 4. The pile was fully coring (IFR ≈ 
100%) for the first 0.1 m jacking stroke, and then 
experienced significant plugging and became fully 
plugged at a penetration (relative to the base of the 
starter hole) of 1.1 m. The pile remained plugged un-
til the final two jacking strokes of installation where 
the IFR value began to increase and the pile reverted 
to partially plugged penetration. This occurred as the 
pile approached the bottom of the trench and the 
plug begins to ‘sense’ the very dense natural in-situ 
material beneath it. Other tests on jacked piles in 
strongly layered ground (Finlay et al. 2001) show a 
similar full plugging response after ≈5D of penetra-
tion in uniform soils but become unplugged as a 
more dense layer was approached. 
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Figure 4. Plugging response during installation 

4.2 Installation Resistance 

The total load and separated base and shaft resis-
tances measured during installation are shown in 
Figure 5. The total load increased sharply up to 3.3 
m depth, mainly due to the dramatic increase in base 
resistance up to this depth, as IFR reduces and the 
pile becomes plugged. Below this depth, the pile 
was fully plugged and the base resistance became 
steady, up to ≈5.6 m depth, after which it began to 
increase again in response to the dense soil at the 
bottom of the trench. The shaft resistance increased 
slowly up to 3.6 m depth, after which the increase 
becomes steeper, reaching 12  kN at the end of in-
stallation. This is attributed to the lower shaft enter-
ing the region where the pile had penetrated in the 
fully plugged condition (IFR=0) and the soil had ex-
perienced a relatively high level of pre-stress. 

4.3 Radial Effective Stresses during Installation 

As the entire pile test was conducted above the water 
table (≈8 m depth), the pore water pressures meas-
ured during installation were negligible. Conse-
quently, the stationary radial effective stresses, 
measured during installation when the pile was un-
loaded, are equivalent to the long term equalized 
radial effective stresses, σ′rc, and are shown in Fig-
ure 6. During transport the sensor at h/D=10 was 
damaged and this did not respond throughout test-
ing. The σ′rc values at the two working sensor loca-
tions increased progressively until the sensor 
reached 3.1 m depth (where the pile had become ful-
ly plugged) after which the values steadied off. At 
the end of installation, at 5.6 m depth, the σ′rc at 
h/D=1.5 reduced sharply, coinciding with when the 
pile became unplugged. The relatively uniform na-
ture of the CPTs below 2 m depth suggest the in-
crease in σ′rc values between 2 and 3.1 m is primari-

ly due to the decrease in IFR and the onset of plug-
ging. 
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Figure 5. Installation resistance  
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Figure 6. Equalized radial effective stress profile 

5 DISCUSSION 

To examine the affect of plugging on the equalized 
effective radial stress at any given level along the 
pile, the measured σ′rc values are normalized by the 
CPT qc and plotted against the effective area ratio of 



the pile at that depth (see Figure 7). The trend for 
σ′rc / qc to increase with increasing Ar,eff at both sen-
sor locations is evident. When the pile was fully cor-
ing (IFR=100%, Ar,eff = 0.2) the σ′rc / qc ≈ 0.003 at 
both levels. Near the pile tip at h/D=1.5, the σ′rc / qc 
values increase as the pile becomes plugged reach-
ing 0.03 when Ar,eff = 1 (IFR=0%), increasing to 
0.04 when the pile has been pushed continuously in 
a fully plugged manner. When the pile became un-
plugged and the IFR increases at the end of installa-
tion, the σ′rc / qc reduced and provided a good match 
with the trend in the data. Further back up the shaft, 
at h/D=5.5, the σ’rc / qc increases from ≈0.003 when 
fully coring to 0.01 at the onset of plugging, reach-
ing 0.015 after continuous fully plugged penetration.  

It was evident that the effect of plugging on σ′rc 
was most pronounced near the pile tip and reduced 
with distance up the shaft. When the pile was fully 
coring the σ′rc / qc values near the pile tip and further 
up the shaft were approximately equal. The authors 
suggest that low-displacement piles (where Ar,eff < 
0.3) only generate radial stresses which are at a low-
er-bound value which is controlled by the far field 
soil.  Hence the normalized radial effective stress 
distributions is relatively constant along the entire 
shaft. In this case it may be logical to use simple ‘al-
pha’ approaches which relate τf to qc through a sca-
lar coefficient and hence assume a constant radial 
stress profile (however the choice of ‘alpha’ coeffi-
cient remains an area of contention).  

However, a pile penetrating in a partial or fully 
plugged manner (with a high degree of soil dis-
placement and higher Ar,eff) will develop high radial 
stresses near the pile tip which will reduce with dis-
tance from the pile tip due to the effects of friction 
fatigue. The authors suggest that at some distance 
remote from the pile tip, if enough load cycles have 
been applied, the radial stresses of full-displacement 
piles (Ar,eff = 1) may reach a minimum value approx-
imating those of low-displacement piles (Ar,eff < 
0.3). The minimum σ′rc value of 0.003 qc measured 
on a fully coring pile (with low Ar,eff) installed in the 
loose sand deposit at Blessington is significantly 
lower than load tests on full-scale piles in sand sug-
gest. It is also notably lower than the IC-05 and 
UWA-05 design lines (see Figure 8).  
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Figure 7 . The effect of plugging on radial effective stresses  
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Figure 8. Measured σ’rc compared with IC-05 & UWA-05 

6 CONCLUSIONS 

This paper presents results from the installation of 
an instrumented open-ended pile in a loose sand de-
posit. The test provided radial stress measurements 
as the pile experienced various levels of plugging 
and soil displacement. The measurements are the 
first of their kind and this paper aims to highlight the 
differences between measured radial stresses and as-
sumptions used in recent design methods to extrapo-
late from closed- to open-ended behaviour. When 
the pile was fully coring, the equalized radial effec-
tive stresses were uniform along the pile shaft rela-
tive to the CPT qc and no friction fatigue was evi-



dent. This is contrary to the IC-05 and UWA-05 de-
sign methods which maintain an increased stress 
level near the pile base, even for low-displacement 
piles. When the pile became plugged, the stresses 
along the shaft increased, with the biggest increase 
occurring near the pile tip and reducing further the 
shaft. The results of these tests suggest that the main 
difference between the shaft resistance of closed-
ended piles and low-displacement open-ended piles 
is a result of significantly reduced radial stresses 
near the pile tip.  
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