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Abstract: Three series of 10 piles each were installed in two different locations. The lengths of the piles varied from 2 to
6 m and the diameters were 14 and 25 cm. The piles were constructed above the groundwater table using continuous flight
augers and the concrete was placed by gravity free fall. The piles were tested to failure in axial uplift and the load–
displacement relations were recorded. The results from the tests have been compared with theoretical values based on cur-
rent design practice and the method proposed by Fleming et al. seems to produce the best match with the test results.
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Résumé : Trois séries de 10 pieux chacune ont été installées dans deux différentes localisations. Les longueurs des pieux
ont varié de 2 à 6 m et les diamètres étaient de 14 et 25 cm. Les pieux ont été construits au-dessus de la nappe d’eau sou-
terraine en utilisant des tarières à pas continu et le béton a été placé par gravité en chute libre. Les pieux ont été testés à
la rupture en arrachement axial et nous avons enregistré les relations charge–déplacement. Les résultats des essais ont été
comparés avec les valeurs théoriques basées sur la pratique courante de conception, et la méthode proposée par Fleming et
al. semble produire la meilleure adéquation avec les résultats des essais.

Mots-clés : pieux forés, puits forés, sable, arrachement, coefficient de pression des terres, frottement par unité de surface
du fût.

[Traduit par la Rédaction]

Introduction

Bored piles, also known as drilled shafts, often provide an
economical alternative to other types of foundations (e.g.,
driven piles). They are used advantageously in cases where
only a small number of piles are required. One advantage is
the lower transportation costs of the much lighter equipment
that is used for drilling the holes for the piles. Additionally,
driving piles in urban areas may cause problems such as vi-
bration of neighbouring buildings and extremely loud noise.
In such cases, bored piles may be an advantageous alterna-
tive. Most piles support compressive loads, but there are
cases where piles are subject to tensile forces (e.g., light
weight buildings subject to strong wind forces, foundations
for steel chimneys, masts, pylons, etc.).

Bored piles resist the uplift load by skin friction forces,
and the formulae used to determine the magnitude of these
forces seems to be an area where the various codes and
standards produce completely different results. A striking
fact is that according to some codes, e.g., the German code
DIN 4014 (DIN 1990), which is widely used in continental
Europe, the uplift capacity strongly depends on the strength
of the soil, i.e., the angle of friction normally determined by

indirect methods such as standard penetration tests (SPTs);
whereas other methods, such as the method proposed by
Fleming et al. (1992), mainly used in the UK, is a more
moderate way to take the strength of the soil into account.
A third category of methods, such as the method suggested
by Reese and O’Neill (1988), mainly used in the US, seems
to almost ignore the strength of the soil, as long as the soil
can be characterized as being a frictional soil.

The main aim of the current project is to see how well the
results from full scale tests compare with the aforemen-
tioned methods. To do this, 30 piles with lengths varying
from 2 to 6 m and having diameters of 14 and 25 cm have
been cast and tested in two different locations in Denmark.

The present investigation should also be seen as an at-
tempt to throw some light on some of the factors (such as
the strength of the soil, the grading of the soil, and the di-
ameter of the pile) that may have an effect on the unit side
resistance of a drilled shaft.

Testing programme

Testing areas and soil conditions
For the field tests two different locations have been

chosen. The first one is situated in a gravel pit in Oksbol,
Denmark and the second one is situated on the campus of
Aalborg University Esbjerg, Denmark. Oksbol is situated
about 30 km west of Esbjerg on the west coast of Denmark.

In Oksbol 10 piles having a diameter of 14 cm were in-
stalled, and the lengths of the piles varied from 2 to 6 m at
1 m intervals. Two piles of each length were cast. The lay-
out of the piles is shown in Fig. 1a.

Two series of piles were cast on the grounds of the univer-
sity. The first series was similar both in size and numbers to
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the previously described piles that were cast in Oksbol, and
the second series was similar to the first one in lengths and
numbers of the piles, but the diameter was 25 cm instead of
14 cm. The layout of the piles cast on the grounds of the uni-
versity is shown in Fig. 1b. Thirty piles were cast in total.

In both locations all the borings, which were uncased,
were carried out using a continuous flight auger at a depth
of 6 m (maximum), and disturbed samples were taken at
1 m intervals. The groundwater table was just barely
touched only in the deepest borings in Esbjerg; thus the
water did not cause any practical problems.

The samples, which were all disturbed, have shown very
homogeneous soil conditions in both testing areas, and they
all consisted of alluvial quartz sand from the Saale ice age.

Soil conditions – Oksbol
Three SPT tests indicated by S1, S2, and S3 in Fig. 1a

were carried out and the grading was determined from the
sample in P5a at a depth of 3 m. The grading curve is
shown in Fig. 2a. The mean grain size d50 is approximately
1.00 mm, the coefficient of uniformity Cu is equal to 3.0,
and due to the homogeneous soil conditions this sample
can, as far as the grading is concerned, be regarded as being
representative of the whole area. The specific gravity of the
quartz sand is 2.630.

On the basis of the SPT results and the mean grain size,

the relative densities Id have been determined from the equa-
tion proposed by Kulhawy and Mayne (1990)

½1� Id ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

N

60þ 25 logðd50Þ

s

where N is the SPT blow count.
The peak triaxial angle of friction has been calculated us-

ing the equation suggested by Bolton (1986)

½2� 4tr ¼ 4cv þ 3fId½10� lnðp0Þ� � 1g

where p’ is the mean principal effective stress at failure,
which is approximately equal to twice the value of the verti-
cal effective stress s 0z (Rollins et al. 2005), and 4cv is the fric-
tion angle at constant volume. This angle was calculated
according to the method proposed by Cornforth (1973) and
following 10 tests, the average value was 32.18. The values
of the SPT blow counts, the relative densities, and the friction
angles are give in Table 1. The N values given in the table are
average values of blows per 30 cm over intervals of 1 m.

Table 1 shows that the sand must be characterized as
being loose or very loose and that there is only little varia-
tion in the soil conditions.

For subsequent calculations, the average values of the
friction angle 4tr in the three borings have been used and
are shown in the bottom line of Table 1.

Fig. 1. Layout of piles. SPT, standard penetration test.
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Soil conditions – Esbjerg
In Esbjerg, the grading of the sand was determined from

three different samples taken from P10a at a depth of 2 m,
from P13a at a depth of 4 m, and from P9a at a depth of
5 m. The three curves, together with the average curve, are
shown in Fig. 2b.

The mean grain size d50 is approximately 0.22 mm, the
coefficient of uniformity Cu is equal to 1.8, and the specific
gravity of the quartz sand is 2.621.

In Esbjerg — because of the homogeneous soil condi-
tions — just one SPT boring (S4) was carried out. The SPT
blow count using eqs. [1] and [2] resulted in the values for
the relative densities and friction angles shown in Table 1.
The angle of constant volume was found according to the
method proposed by Cornforth (1973), and from 10 tests,
the average value was 32.38.

Construction of piles

In the open holes left by the continuous flight augers, a
single reinforcing bar 20 mm in diameter was put in posi-

tion, and the concrete was placed by gravity free fall. The
quality of the concrete was 25 MPa with a high degree of
workability (flow value equal to 530 mm), and within a few
minutes, when the hole had been filled to the ground level, a
2 m long high-strength steel bolt was installed to a height of
1 m above the top of the concrete. Therefore, the lap length
with the reinforcing bar was 1 m. For the smaller diameter
piles a 16 mm bolt was used and for the larger diameter
piles a 24 mm bolt was used. In Oksbol, centralizers were
not used to keep the reinforcing bar in position, and as a re-
sult of this, the bar in pile P2b was not properly installed.
This was discovered during the extraction of the pile after
testing. In pile P5a, the reinforcing bar stopped 3 m above
the tip of the pile. Two piles of each length were con-
structed. Construction of the piles in Oksbol took place in
May 2005 and in Esbjerg in February 2006.

Testing of piles
The uplift tests were carried out in Oksbol in September

2005 and in Esbjerg in May 2006. The load was applied to
the piles by a hollow ram hydraulic jack resting on two type
IPE 240 steel beams 6 m in length, supported at either end

Fig. 2. Grading curves.
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by 100 mm � 200 mm timber. The purpose of the two lon-
gitudinal beams was to avoid any transfer of additional hor-
izontal forces to the piles. During the test, the load was
recorded using a pressure transmitter (Danfoss MBS 33),
and for the vertical displacements two displacement trans-
ducers (HBM W20TK) were used fixed on a separate steel
beam. Both pressure transmitter and displacement trans-
ducers were calibrated before the tests began. The displace-
ments of the piles were taken as the average of the two
transducer readings. The load was raised continuously and
the rate of displacement was approximately 3 mm/min. All
the test values were recorded by means of a datalogger
(Spider 8 from HBM). The setup of the load test is shown
in Fig. 3.

One week after the uplift tests, some of the piles in Oks-
bol were extracted for a visual inspection and measurement
of dimensions. The piles showed a very rough surface with
soil adhered to the shaft. The diameter of the piles was
measured in intervals of 1 m, and there were only minor dis-
crepancies between the designed (140 mm) and the con-
structed values (average 142 mm). This minor difference
was not taken into account in the calculations. During the
extraction, it turned out that pile P5a was broken, and there-
fore, the uplift value of this pile has been disregarded.

Test results
The results of the tests are shown in Table 2 and in

Figs. 4 and 5.

Discussion of test results
The test results, together with curve-fitting graphs of a

second degree polynomium determined on the basis of the
method of least squares, are shown in Figs. 4 and 5.

As the friction angles of the soil in Esbjerg are consider-

ably higher than the ones in Oksbol, one might expect an
equivalent increase in uplift capacity. However, looking at
the graphs in Fig. 4, it appears that this is not the case, as
there is only a small difference between the two graphs.

The top line in Fig. 5 shows the fitted values from the
tests on 14 cm piles in Esbjerg scaled by a factor 25/14
(i.e., the uplift capacity of a 25 cm pile having the same
unit skin resistance as the equivalent 14 cm pile). It can be
seen that there is a reduction in the unit skin resistance of
about 15% when the diameter is increased from 14 to
25 cm. This point is also dealt with later in this paper.

Theory of bearing capacity — earth pressure
coefficient

The side resistance of a pile can be calculated from the
general equation (Kulhawy 1991)

½3� Qs ¼
ZL
0

KðzÞzg 0tandpddz

where L is the length of the pile; d is the diameter of the
pile; g ’ is the effective soil unit weight; K(z) is the coeffi-
cient of earth pressure (K ¼ s 0h=s

0
v, where s 0h is the effective

horizontal and s0v is the effective vertical pressure at depth
z); and d is the interface friction angle. For cast-in-place
concrete, a rough interface develops resulting in d = 4
(Rollins et al. 2005).

In eq. [3], the term K(z)zg ’ expresses the effective hori-
zontal stress s 0h at the depth z, and here the most difficult
term to evaluate is the soil pressure coefficient K. Unfortu-
nately, there is no existing theory available to enable us to
estimate reliable values of K; therefore, the values of K
must still be determined on a purely empirical basis. The
values of K from analysis of tests range from about 0.1 to
over 5.0 (Kulhawy 1991). Several researchers, including Re-
ese and O’Neill (1988) have found that K varies with the
depth z, and for the test piles, it turned out to be appropriate
to express this variation by the equation

½4� KðzÞ ¼ Kuexpð�p
ffiffi
z

p
Þ

where Ku is the coefficient at ground level and z is the depth
below ground level.

Back calculations of K values for the test data have
yielded the following values for Ku and p for the interval
2 m < z < 6 m:

Oksbol 14 cm piles: Ku = 6.4533, p = 0.9261
Esbjerg 14 cm piles: Ku = 3.4304, p = 0.6836
Esbjerg 25 cm piles: Ku = 5.0996, p = 1.0083.

Bearing capacities according to standards

British and American methods
Fleming et al. (1992) suggest that the unit side friction fs

be calculated from the equation

½5� fs ¼ s 0rtan d ¼ Ks 0vtan d

where K = 0.90 for all sands and 0.6 in silt, and d is the an-
gle of friction in the interface between the pile and the soil

Table 1. Results of SPT tests, relative densities, and friction
angles.

Depth (m)

0–1 1–2 2–3 3–4 4–5 5–6

S1
N 5 3 1 1 5 14
Id 0.29 0.22 0.13 0.13 0.29 0.48
4tr 35 33 31 31 33 36

S2
N 4 1 1 2 10 12
Id 0.26 0.13 0.13 0.18 0.41 0.45
4tr 35 31 31 32 35 35

S3
N 5 2 1 1 4 9
Id 0.29 0.18 0.13 0.13 0.26 0.39
4tr 35 32 31 31 33 35

S4
N 14 17 17 26 54 57
Id 0.57 0.62 0.62 0.77 1.00 1.00
4tr 41 41 40 41 44 43

Average values for S1, S2, S3
4tr 35 32 31 31 33 35
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and can be taken to be in the interval 4peak and 4cv. In this
study, a value of d equal to 4peak has been used.

On the basis of tests with 41 piles, Reese and O’Neill
(1988) suggested that the unit side friction be calculated
from the equation

½6� fs ¼ bs 0z

where b ¼ 1:5� 0:245z0:5, z is the depth below ground le-
vel, and s 0z is the vertical effective stress. It is assumed that
0.25 < b < 1.20 and ts < 200 kPa. For SPT values lower

6.00 m

Ø 140/250 mm pile

6.00 m

100 x 200 timber

M16 /M24

IPE 240

Hydraulic jack

High-strength bolt
Section

plan

Fig. 3. Load test arrangement.

Table 2. Dimensions of test piles and maximum loads.

Pile No.
Diameter
(mm)

Designed
length (m)

Constructed
length (m)

Maximum
load (kN)

Displacement at
maximum load (mm)

P1a 140 2.00 1.75 26.0 10
P1b 140 2.00 2.15 16.8 8
P2a 140 3.00 2.96 39.1 12
P2b 140 3.00 3.05 43.6 11
P3a 140 4.00 3.98 66.9 10
P3b 140 4.00 4.00 68.7 12
P4a 140 5.00 4.85 85.9 15
P4b 140 5.00 5.00 56.8 12
P5a 140 6.00 3.40 84.0 10
P5b 140 6.00 6.00 110.2 22
P6a 140 2.00 1.95 39.1 38
P6b 140 2.00 2.05 27.1 35
P7a 140 3.00 3.21 22.3 14
P7b 140 3.00 3.12 46.8 34
P8a 140 4.00 3.98 75.9 38
P8b 140 4.00 4.06 36.8 22
P9a 140 5.00 4.68 103.6 38
P9b 140 5.00 5.00 96.8 38
P10a 140 6.00 6.08 139.5 34
P10b 140 6.00 6.16 103.3 22
P11a 250 2.00 1.51 35.8 37
P11b 250 2.00 1.62 33.8 34
P12a 250 3.00 2.43 47.4 35
P12b 250 3.00 2.57 90.5 35
P13a 250 4.00 3.47 90.7 39
P13b 250 4.00 3.42 83.1 33
P14a 250 5.00 5.33 108.3 37
P14b 250 5.00 4.98 109.7 39
P15a 250 6.00 5.95 201.0 29
P15b 250 6.00 5.92 202.0 13
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than 15, it is recommended to scale down the side resistance
by the factor N/15 (O’Neill 1994).

The values of the uplift loads derived according to the
aforementioned methods together with the test results are
summarized in Figs. 6 and 7.

German code of practice – DIN 4014
The German code of practice DIN 4014 (DIN 1990) is

based on a large number of tests for both cased and uncased
borings, and the unit side friction on the shaft may be re-
lated to the results obtained from an SPT test using the fol-
lowing equation:

½7� fs ¼ aN

where fs is the unit side resistance in kPa and N is the SPT
blow count. The factor a takes on a value of 4.14 for coarse
sand and 2.73 for fine sand. We used a = 4.14 for the piles
in Oksbol and a = 2.73 for the piles in Esbjerg. Tthe calcu-
lated values to the DIN 4014 code are indicated in Fig. 6 for
14 cm piles and in Fig. 7 for 25 cm piles.

Comparison of measured and computed
capacities

For the piles in Oksbol, Fig. 6 shows that the Reese and
O’Neill (1988) method yields the highest predicted ultimate
values, and the second highest predicted results are obtained
by the method proposed by Fleming et al. (1992). The re-
sults obtained using German code DIN 4014 are due to the
low SPT values at the bottom. For the piles in Esbjerg,
Figs. 6 and 7 show that DIN 4014 provides the highest val-
ues because of the high SPT blow count; additionally, the
values according to Reese and O’Neill for the longer piles
are higher than the test results, which are quite close to the
Fleming values especially for the longer piles. In general,
the test results are in the interval between the capacities rec-
ommended by Reese and O’Neill and Fleming et al., and the
results are closer to the former for the shorter piles and
closer to the latter for the longer piles. There is a better
agreement between the test results and the Fleming values
for dense sand than for loose sand, and considering the low
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Fig. 4. Test results of 14 cm piles.
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Fig. 5. Test results of 25 cm piles.

Fig. 6. Uplift loads for the 14 cm piles.

Fig. 7. Uplift loads for the 25 cm piles.
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relative densities of the sand in the test field in Oksbol, the
measured capacities must be regarded as being surprisingly
high. The capacities obtained using the German code are
strongly dependent upon the relative density, and this ex-
plains the comparatively low values in Oksbol and the
much higher values in Esbjerg calculated in this study.

Also, Figs. 6 and 7 show the uplift capacities assuming
that the lateral pressure on the pile is equal to the hydro-
static pressure from the concrete; this is discussed in greater
detail in the following section.

Discussion of unit skin friction
The uplift capacity of a pile depends on the unit skin fric-

tion, which again depends on the effective horizontal soil
pressure composed of the in situ stresses present before the
pile is loaded and the stresses due to dilation that are sup-
posed to gradually develop as the load is increased. The ef-
fect of dilation has been investigated by Houlsby (1991),
who has computed the increase in soil pressure caused by
the effect on a pile on the basis of the equation:

½8� s0rd ¼ 2G
dR

R

where s 0rd is the increase in horizontal pressure due to dila-
tion, G is the shear modulus of the soil, R is the radius of
the pile, and dR is the expansion in the horizontal direction
of the zone of soil lying close to the side of the pile under-
going plastic deformations as the load is increased. The soil
lying outside of this zone is regarded as being elastic, but as
noted by Houlsby, this is a simple model and perhaps the
most difficult property to predict is the thickness of the
plastic zone, which according to some researchers (e.g., At-
kinson 1993) is believed to be in the order of 10 times the
mean grain size. A consequence of this is that the unit side
resistance for the same friction angle would be proportional
to the mean grain size and inversely proportional to the dia-
meter of the pile. The mean grain size in Oksbol is approxi-
mately 1.00 mm and in Esbjerg it is approximately
0.22 mm, so it may be possible that the coarser material in
Oksbol can make up for the lower friction angle to some ex-
tent. It must be noted that Rollins et al. (2005) have studied
the results of several tests and found that the coarser the
material the greater the shear stresses transferred between
the soil and the pile. Also Fleming et al. (1992) indicate
that the coarser the material, the greater the value of K.

The effect of the diameter in the tests in Esbjerg shows
that there is a slight tendency for a smaller pile to develop
greater skin friction stresses; therefore it must be concluded
that if there is any role played by dilation, it is to a smaller
degree dependent upon the diameter of the pile. Turner and
Kulhawy (1994) found a 20% reduction in shear stress when
the diameter was increased from 150 to 300 mm and that
further increase of the diameter would result in a reduction
of only 5% to 10%.

As reported by O’Neill and Hassan (1994), the way the
concrete is placed has a considerable effect on the magni-
tude of K in that increasing the slump of the concrete, the
rate of placement, and drop height, and decreasing the time
that the borehole is left open will tend to raise the value of
K. Bernal and Reese (1983) have studied the effect of con-

crete slump and the rate of placement in a 1.07 m diameter
steel form assumed to represent a borehole in a stiff soil.
They found that for a concrete slump of 241 mm and rate
of placement of concrete of 14.0 m/h to a depth of 3.5 m,
the horizontal pressure was equivalent to the hydrostatic
pressure exerted by the concrete. From 3.5 to 6.0 m, there
was a linear reduction of the pressure of this value with the
reduction reaching a value of only 15% at a depth of 6.0 m.
As the concrete is cured, a reduction in the pressure of 40%
was observed and this was probably due to shrinkage of the
concrete. Undoubtedly, the curing conditions of the concrete
once placed in the hole in the ground with a high humidity
and a moderate temperature are almost ideal. This leads to a
low degree of shrinkage and O’Neill and Reese (1970) have
carried out long-term radial strain measurements in drilled
shafts and found no contraction of the concrete at all once
placed in a saturated soil; therefore, the lateral stresses in
the interface between the pile and the soil must be close to
the hydrostatic pressure of the concrete at the time of the
placement. Figures 6 and 7 show that the uplift resistance
calculated on that basis is very close to the values obtained
using the Reese and O’Neill (1988) method.

Conclusions

The results of load tests on thirty 14 and 25 cm diameter
piles in two types of sand with different friction angles and
subsequent studies of the literature have shown that the up-
lift capacity, only to a smaller degree, is dependent upon the
strength of the soil. The grading of the soil plays a role in
that the coarser the material, the greater the uplift capacity.
The unit side resistance decreases slightly as the diameter of
the pile is increased. The method proposed by Fleming et al.
(1992) produces the best match with the test results and the
Reese and O’Neill (1988) method generally provides results
for the longer piles that lie 20% to 50% above the test re-
sults. The German code of practice DIN 4014 (DIN 1990)
produces results that strongly underestimate the capacity of
the test piles for the weaker sand and overestimate it for the
tougher sand.

Acknowledgments
The authors wish to thank The Lida and Oskar Nielsen

Foundation for their financial support. They thank as well
the soil exploration company Jysk Geoteknik for the work
carried out during the construction of the piles.

References
Atkinson, J. 1993. An introduction to the mechanics of soils and

foundations. McGraw-Hill Book Co., New York.
Bernal, J.B., and Reese, L.C. 1983. Study of the lateral pressure of

fresh concrete as related to the design of drilled shafts. Center
for Transportation Research, The University of Texas at Austin,
Austin, Tex., November. Research Report 308–1F.

Bolton, M.D. 1986. The strength and dilatancy of sands. Géotech-
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