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Distribution of residual load and true shaft
resistance for a driven instrumented test pile

Sung-Ryul Kim, Sung-Gyo Chung, and Bengt H. Fellenius

Abstract: Foundation conditions are studied for a series of apartment buildings in a shore area reclaimed from the Nakdong
River estuary delta west of Busan, South Korea, in full-scale field tests on two 600 mm, post-driving grouted, concrete cyl-
inder piles instrumented with strain gages, driven through compressible layers and a short distance into underlying dense
sand at depths of 56 m (Shinho) and 35 m (Myeongji). One test pile was provided with an O-cell so that after an initial O-
cell test, a subsequent head-down test only affected pile shaft resistance. The purpose was to evaluate drivability of the piles,
magnitude of the drag load due to consolidating soils, and potential settlement (downdrag) of the piled foundations. Early in
the study, it became apparent that the internal process of heating and cooling of the grout during the hydration process and
swelling from absorption of water affected the strain records and the assessment of residual load in the test piles during the
wait time before the static loading test. The paper reports the measurements, analyses, and method for determining residual
load, strain-dependent modulus of test piles, and actual load distribution in the test piles. The results are correlated to cone
penetration test (CPTU) sounding data and effective stress analysis.

Key words: concrete piles, concrete modulus, swelling, strain measurement, drag load, settlement.

Résumé : Les conditions des fondations d’une série de blocs à appartements situés dans une région côtière réhabilitée du
delta de l’estuaire de la rivière Nakdong à l’ouest de Busan, Corée du Sud, ont été étudiées à l’aide d’essais sur le terrain à
l’échelle réelle sur deux pieux cylindriques en béton, instrumentés de jauges de déformation de 600 mm et cimentés après
la mise en place, enfoncés à travers des couches compressibles et à travers une faible distance de sable dense sous-jacent, à
des profondeurs de 56 m (Shinho) et de 35 m (Myeongji). Une cellule O a été installée sur un des pieux, de sorte qu’après
l’essai en cellule O initial, un essai subséquent affecte seulement la résistance de l’arbre du pieu. L’objectif était d’évaluer la
facilité d’enfoncement des pieux, la magnitude de la charge de traînée causée par la consolidation des sols, et le tassement
potentiel (traînée vers le bas) des fondations des pieux. Au début de l’étude, il a été observé que le processus interne de ré-
chauffement et refroidissement du ciment durant l’hydratation et le gonflement causé par l’absorption d’eau affectent le re-
gistre des déformations et l’évaluation de la charge résiduelle dans les pieux d’essai durant la période d’attente avant les
essais en chargement statique. L’article présente les mesures, les analyses et une méthode pour déterminer la charge rési-
duelle, le module de dépendance des déformations des pieux, et la distribution des charges actuelles dans les pieux d’essai.
Les résultats sont corrélés avec des résultats d’essai de pénétration au cône (« CPTU ») et d’analyse des contraintes effecti-
ves.

Mots‐clés : pieux en béton, module du béton, gonflement, mesure des déformations, charge de traînée, tassement.

[Traduit par la Rédaction]

Introduction
The Nakdong River estuary delta area covers a large area

west of the city of Busan, South Korea, and is composed of
very thick deposits of compressible and, originally, normally
consolidated clays with occasional interbedded sand layers.
Two areas, called Shinho and Myeongji, were reclaimed
starting in the early 1990s by placing fill to raise the land

above flood levels. During the more than 10 years following,
these areas have been lying vacant due to high construction
costs of the deep foundations required for all but light struc-
tures. Recently, however, because of space becoming increas-
ingly limited in the city, tall apartment buildings are being
designed and built in the area to house approximately 80 000
people.
The design has to take into account the ongoing consolida-

tion settlement at the site and that all major buildings require
piled foundations because of the low bearing capacity of the
deltaic soils. The deep foundation system commonly em-
ployed in Korea consists of steel pipe piles driven to signifi-
cant toe bearing in dense soils or on bedrock. Where these
piles become very long, such as the 70 to 80 m lengths an-
ticipated for the Nakdong River estuary delta, the foundations
become very costly. For the subject development, an alterna-
tive pile type is considered: a cylindrical concrete pile, called
Pretensioned Spun High Strength Concrete (PHC) pile. The
in-place cost of a PHC pile is between one-quarter to one-third
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the cost of a similar length steel pile. However, the PHC
pile is considered less suitable for the hard driving required
to reach the termination depths usually selected for the steel
piles. For the PHC pile to become a viable alternative, it is
desirable to terminate the piles at a shallower depth, relying
on shaft resistance and moderate toe resistance in intermedi-
ate sand layers at depths of about 30 to 50 m. Before final-
izing the design of the foundations, a full-scale investigation
was carried out, as reported in this paper, to verify that the
PHC pile can withstand the driving to the required capacity,
has sufficient axial strength to accept the anticipated drag
load, and is not subject to excessive downdrag.
A comprehensive full-scale testing programme involving

the PHC pile was executed, which included pile drivability
with dynamic testing and static loading tests on two strain-
gage instrumented test piles at two nearby sites, Myeongji
and Shinho. The strain gages were monitored during a 5 to
7 month setup period, respectively, and during the loading
test. Because the expected capacity of the first test pile (at
Myeongji) would be too large to be evaluated by a conven-
tional head-down static loading test, the testing of the second
pile (at Shinho) combined an initial O-cell test (Osterberg
1998; Fellenius 2000) with the O-cell placed at the pile toe
and a subsequent head-down loading test with the toe O-cell
open to eliminate the toe resistance.

Site conditions
The tests were carried out at the Myeongji and Shinho

sites, located about 2 km apart in the western part of the
Nakdong River estuary close to shore. Detailed descriptions
of the soil deposit are given by Chung et al. (2002, 2005,
2007). Figure 1 shows the results of a cone penetration test
(CPTU) from the test site about 30 m away from the Shinho
test pile. The soil profile consists of a 5 to 8 m thick clayey
sandy fill (density 1900 kg/m3) placed over an about 10 m
thick layer of loose silty sand with interbedded layers of
fine-grained soil (density 2000 kg/m3) followed by a 20 to
35 m thick compressible layer of soft silty clay (density
1750 kg/m3), undergoing consolidation. Typically, the com-
pression ratio, CR, for the soft clay ranges from 0.35 to 0.20 —
CR is equal to Cc/(1+e0) where Cc is the compression index
and e0 is the voids ratio — the CR range corresponds to
Janbu modulus numbers, m, ranging from 7 to 12 (m = 2.3/
CR). Below the clay, at depths between about 38 and 48 m,
the soil consists of dense silty sand (density 2050 kg/m3)
containing seams of silty clay as well as sand and sandy
gravel. Over a large portion of the Shinho site, a zone of
soft to firm silty clay is interbedded with the silty sand
(density 2050 kg/m3). Its compression ratio, CR, is typically
0.2 (modulus number, m, of 12). Below the silty sand, start-
ing at depths of about 55 to 75 m, the soil consists of very
dense sand and gravel. The cone penetration test at the
Shinho site was terminated on reaching 200 mm into the
surface of the sand and gravel layer at a cone stress of
48 MPa and a total depth of 56.3 m. The CPTU inclination
measurements show that the actual depth of the cone at ter-
mination was 0.25 m smaller than recorded for a strictly
vertical cone.
The pore pressure distribution at the Shinho site was meas-

ured in a piezometer station installed 12 m away from the

O-cell test pile to depths of 13, 2, 27, and 44 m. Frequent
measurements were taken from about 3 months before the
test pile was driven through about 2 years after the static
loading tests. The measurements show ongoing consolidation
in the clay layer. As illustrated in Fig. 2, the 12 m distance
from the piezometer station to the test pile was sufficient for
the pore pressure measurements not to be affected by the
driving. At the time of the static loading test (20 August
2006), the excess pore pressure (measurement of 13 Septem-
ber 2006) was about 30 kPa in the clay layer. A slight excess
pore pressure was also present in the silty clay layer below
the clay.
The soil profile at the Myeongji site is similar to that at the

Shinho site. The silty sand layer starts at 33 m depth, i.e.,
about 5 to 15 m higher than at the Shinho site.
Significant consolidation of the soft clay layer is expected

to occur after construction of the new buildings. During the
7 month set-up period between driving and testing the test
piles, the ground surface settlement at the Shinho site ranged
from 30 to 70 mm.

PHC pile
The PHC pile, a hollow cylindrical prestressed concrete

pile, was developed in Japan in the early 1970s, and was in-
troduced to Korea in the early 1990s. (In North America, a
very similar pile is known as the ICP pile.)
The PHC test pile used for the test pile is a closed-toe,

600 mm outside diameter, prestressed concrete cylinder with
an 85 mm wall (total concrete cross-sectional area is
1375 cm2 and the area of the central void is 1450 cm2), em-
bedding twenty-four 9.2 mm rebars of steel with a yield of
1300 MPa (steel area is 16 cm2 and steel area to concrete
area ratio is 1.2%), which are anchored to a donut-shaped
steel plate at each segment end. The pile is cast in 5 to 15 m
long segments. The net prestress is about 8 MPa. The con-
crete consists of Portland cement and the concrete aggregates
are crushed granite. The nominal cube strength is 80 MPa. In
the field, the segments are spliced by welding the end plates
together, making one splice at a time, as the pile is driven.
The desired allowable load for the project piles is 2300 kN.
The limiting axial stress of the pile in compression is de-

termined by the combined strength of the concrete and steel.
Recognizing the requirement of strain compatibility, at a
strain of 0.15% and an assumed combined modulus of
30 GPa, the limiting axial compression strength of the con-
crete is 45 MPa or about 6000 kN. For a pile with the central
void grouted, the equivalent theoretical pile compression
strength is doubled, i.e., 12 000 kN. The limiting axial ten-
sion is determined by the steel yield of the prestressing steel
rebars disregarding the contribution of the concrete (which
means that the tension is assumed to occur at the location of
a crack) and is about 15 MPa over the cylinder wall area or
2000 kN. According to Korean guidelines (KGS 2003), the
allowable driving stress is 60% of the concrete cube strength,
i.e., about 48 MPa. The allowable driving tension according
to KGS (2003) is calculated as 0.25 times the square root of
the cube strength plus the net prestress, i.e., 10 MPa
(1400 kN).
The Shinho pile was instrumented with pairs of vibrating

wire strain gages (Geokon 4911A sister-bar gages) placed
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diametrically opposed at 12 levels, levels 1 through 12, at
depths of 52.1 (3.9 m above the pile toe), 49.0, 44.0, 39.0,
34.0, 29.0, 24.0, 19.0, 14.0, 9.0, and 4.0 m, and at ground
surface, respectively. Two gage pairs (A and B, and C and
D) were installed at level 12, the ground surface. The strain

gages were attached to a “ladder,” which was inserted into
the void of the pile after driving. The bottom end of the “lad-
der” was connected to a 400 mm diameter O-cell, where a
telescopic arrangement made it possible for the lower O-cell
plate, which was flush with the pile toe, to be pushed down
when the O-cell was activated (see below). As a final step in
the construction of the pile, the central void was filled with
18 MPa cement grout over its full length above the O-cell.
The buoyant weight of the grouted test pile was 230 kN.
The Myeongji test pile was not grouted and was instru-

mented by attaching electrical-resistance strain gages (Tokyo
Sokki FCB-3-350-1-11) to 6 mm diameter, 0.8 m long rebars
cast into the pile wall before placing the concrete. The gages
were placed at 13 levels, 1 through 13, at depths of 34.0
(1.0 m above the pile toe), 33.0, 30.0, 27.0, 24.0, 21.0, 18.0,
15.0, 12.0, 9.0, 6.0, and 3.0 m, and at ground surface, re-
spectively.
For both test piles, a telltale arrangement provided meas-

urements of the pile toe movements.

Pile driving
The Shinho test pile was driven on 18 January 2006 using

a hydraulically operated, 16 tonne ram single-acting hammer
(Dong Kwang DKH 16), and the driving was monitored with
the pile driving analyzer. The driving was terminated at 56 m
depth, when the penetration resistance indicated that the pile
toe was encountering the very dense sand and gravel layer
below the silty clay zone. The penetration per blow decreased
for each blow, and the CAPWAP analysis for the last blow
indicates that an equivalent PRES value of 250 blows/metre

Fig. 1. CPTU at Shinho: qt, cone stress; fs, sleeve friction; U2 and u0, pore pressure; fR, friction ratio.

Fig. 2. Distribution of pore pressure measured about 10 m away
from the Shinho O-cell test pile. GW, groundwater table.
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or 6 blows/25 mm. The pile central void was grouted on 21
January 2006, 3 days after the end of driving.
The dynamic measurements showed that maximum com-

pression and tension were about 35 and 5 MPa, i.e., about
70% and 50%, respectively, of the allowable values according
to KGS (2003). Two CAPWAP analyses were carried out on
the blow records: one on a blow record from 43 m depth and
one on the records of the last blow of driving (56 m depth).
At the 43 m depth, the CAPWAP-determined capacity was
2500 kN. At the end of driving, the total capacity was 4390
kN with mobilized shaft and toe resistances of 1980 and
2410 kN, respectively. The maximum CAPWAP-determined
toe movement for the blow was 9.1 mm. The toe resistance
imposed by the hammer impact is considered not fully mobi-
lized. It was anticipated that shaft and toe resistances would
both increase due to setup, and it was decided to wait for
7 months before carrying out the static loading tests.
On 18 October 2005 the Myeongji test pile was driven to a

depth of 35 m, approximately 2 m into the silty sand layer
and to a final penetration resistance of 4 mm/blow (6 blows/
25 mm). The pile was driven with the same hammer as used
later to drive the Shinho pile. The CAPWAP-determined
capacity for the last blow was 3215 kN and the shaft and toe
resistances were 765 and 2450 kN, respectively. (The CAP-
WAP-determined toe movement was 11.6 mm.)

Testing programme

Setup period
It was expected that residual load would develop in the

piles from the reconsolidation after the driving and the on-
going general consolidation at the site. Therefore, the strain
gages of both piles were monitored throughout the set-up pe-
riod to provide measurements on the expected gradual build-
up of residual load.

Myeongji pile
The static loading test on the Myeongji pile was by means

of a conventional head-down test applying load increments of
200 kN every 15 min until the ultimate resistance was
reached, whereupon the pile was to be unloaded in decre-
ments of 300 kN every 5 min. The pile was loaded by in-
creasing the pressure in two hydraulic jacks placed on the
pile head and jacking against a beam held down by 16 an-
chor piles. The load was determined by separate load cells.
The conventional head-down static loading test carried out
on the Myeongji test pile showed that its capacity — shaft
plus toe resistances — was larger than the pile structural
strength, and failed structurally because the shaft resistance
was not fully mobilized in the lower portion of the pile,
when the applied load was 6500 kN. Note, the central void
was not grouted.

Shinho pile, stage 1 (O-cell test)
To address this problem of the structural strength being

smaller than the pile capacity, potentially also after grouting
the central void, the Shinho test pile was equipped with an
O-cell at the toe and, as the first stage of the static loading
test, the O-cell was engaged to move the pile toe down to
create an opening at the O-cell, i.e., between the O-cell and
the pile, using the shaft resistance as reaction. The testing

schedule consisted of increasing the O-cell load in incre-
ments of 160 kN every 5 min, recording all gage values
every 30 s until either the bearing capacity, the upper limit
of the O-cell (8000 kN) or the expansion limit of the O-cell
(200 mm) had been reached, at which event the load would
be reduced in decrements of about 400 kN every 5 min. The
O-cell was to be kept open on completion of the unloading.

Shinho pile, stage 2 (head-down test)
The testing programme in the stage 2 test consisted of

loading the pile similarly to the head-down test on the
Myeongji pile, adding 300 kN load increments every 10 min
and recording all gage values every 30 s until either the bear-
ing capacity of the pile, the upper limit of the jack pressure
or the jack expansion limit had been reached, at which event
the load would be reduced in steps of about 1000 kN every
5 min. The test was to be performed with the O-cell draining
(open), which means that the pile acted purely as a shaft
bearing pile in the head-down test and, as the total shaft re-
sistance was smaller than the axial structural strength, the
shaft capacity could be determined in the test.

Test results

Set-up period and build-up of residual load
The strain gages — temperature and strain — were read

immediately after the grouting of the Shinho pile. The hydra-
tion process of the cement grout gave rise to a steep increase
of temperature, starting about 5 h after completion of the
grouting and reaching a peak of about 65 °C about 15 h after
the grouting. During the following 10 days, the temperature
diminished at a progressively smaller rate to the ambient soil
temperature. Figures 3 and 4 show the temperatures and
strains, respectively, from five of the gage levels during the
first 250 h after the grouting was completed.
The temperature increase occurring during the first about

15 h after grouting gave rise to reduced strain values (appa-
rent compression) of 25 µ3 in the uppermost gages (at the
ground surface) and 250 µ3 in the gages nearest the pile toe.
The reduced strains are due to the fact that the temperature
elongation coefficient of the sister bar is larger than that of
the hardening grout and concrete cylinder and, thus, full tem-
perature elongation of the sister bars was prevented. The re-
verse action occurred during the subsequent cooling over the
next about 100 h, and the recorded net increase of strain val-
ues (apparent elongation) ranged from 150 to 60 µ3 for the
gages at the ground surface to the gages at the pile toe, re-
spectively. On the 10th day after the grouting, when the pile
had cooled to the soil temperature, all gages registered a net
increase of strain (apparent net tension), with a difference of
about 80 µ3 between the uppermost gages to the toe gages.
Figure 5 shows the measured strain development during

4800 h (200 days) after the grouting (records at intermediate
gage levels are omitted for clarity). As seen, the strains re-
corded at gages levels at the ground surface and at 5 m depth
(Nos. 12 and 11) showed little change with time after the
first about 100 h (4 days), whereas the strains from 10 m
depth (No. 10) reduced slightly and the strain values measured
at deeper gage levels (Nos. 9 and 2) reduced significantly.
Figure 6a shows vertical distribution of strain in the

Shinho pile at different times after the grouting of the pile
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was completed. The strain-gage values did not drift or change
during the pile driving. In contrast to the short-piece re-
sponse, during the first 5 h after the grouting, no appreciable
strain change was recorded. However, the authors consider
the difference to be due to the fact that the test pile was sub-
merged, enabling it to swell from absorbing water, while the
short pieces did not have access to free water until later. Dur-
ing the following 10 h, the records showed increasing strain
over the entire length of the pile (apparent load increase). For
the next 9 days, strains decreased (apparent load decrease).
Thereafter, except for the gage level at 4 m depth and at the
ground surface, the strain values increased with time, i.e.,
suggesting that the load in the pile started to increase. The
strain values continued to increase during the following
208 days (when the pile was subjected to the first static load-
ing test, day 218 after driving). However, for the portion at
4 m depth and above, the strain values decreased slightly
after the 10th day.
Figure 6b shows the measurements of strain in the

Myeongji pile. Immediately after driving, all strain gages
(electrical resistance gages), except for the two nearest the
ground surface, indicated an about 100 µ3 compression iden-
tified as “change during pile driving.” These strains are con-
sidered due to a zero shift induced by the driving. The
subsequent strain values measured during the 164 day set-up
period are referenced to the values immediately after the driv-
ing, i.e., the strain gages are “zeroed” to day 0. The strain
changes during the set-up period were similar to those ob-
served for the Shinho pile; that is, nearest the ground surface
the records indicated decreasing strain, while deeper down
the tendency was increasing strain with time. The slope of
the strain curves for the two piles is also similar.
It soon became obvious that the strain records were af-

fected by (i) temperature increase and cooling, (ii) swelling
of the pile due to its absorbing water from the soil, and
(iii) build-up of residual load in the pile when the soil recov-
ered from the driving disturbance, exacerbated by ongoing
settlement due to fill placed on the ground. The effect of

temperature (grout hydration) appears to have mostly affected
the gages during the first 10 days after grouting, while swel-
ling and build-up of residual strains dominated after the 10th
day. For the gage levels close to the ground surface — levels
12 and 11 — no such build-up of residual load occurred.
To study the development in more detail and to separate

the effects of the grout hydration and absorption of water
from the build-up of residual load, a laboratory study was in-
stigated. The laboratory study consisted of constructing two
short pile pieces free-standing above the ground. One piece
was identical to the cylinder pile, and the other was a same
diameter pile piece cast inside a temporary casing removed
after the concrete had cured, serving as reference to a con-
ventional bored pile. The study first measured temperature
and strain during the hydration process and the following
about 200 days. Then, a casing was placed around each pile
piece and the annulus between the casing and the pile piece
was filled with water. The effect of submerging the pile
pieces and subsequent swelling due to absorption of water
was measured for the following 500 days (until 700 days
after the start of the study). The details and full results of
this “laboratory” study are reported in a separate paper (Fell-
enius et al. 2009).
In summary, on grouting of the short pieces, over the first

15 h, the temperature rose to about 85 °C and then cooled
back to ambient temperature over the next about 5 days. As
the temperature rose, the strain-gage records indicated an ap-
parent 200 µ3 shortening of the sister-bar gages. During the
subsequent about 10 days of cooling, about 150 µ3 of the
shortening was recovered, leaving a net apparent shortening
of 50 µ3. Qualitatively, the response was very similar to that
observed for the uppermost two gage levels in the Shinho test
pile. The strain values in the test pile show an apparent net
elongation of about 100 µ3, as opposed to the 50 µ3 net ap-
parent shortening of the short-piece sister bars. The authors
consider the difference to be due to that fact that the test pile
was submerged, enabling it to swell from the absorbed water,
while the short pieces did not have access to free water until
later.
Beyond the first 10 days through 200 days followed an ad-

ditional apparent 50 µ3 shortening of the short pieces, result-
ing in a net apparent shortening of about 100 µ3 on day 200.
The submerging of the short pieces on day 200 caused

them to swell, which was observed as elongation of the sister
bars. The swelling was rapid during the first about 10 days
and amounted to about 80 to 100 µ3. When correcting the
records for the influence of changing ambient temperature
(as described by Fellenius et al. 2009), the effect of swelling
alone could be determined for the cylinder pile as a linear
trend amounting to 2 µ3 elongation per month. (The bored
pile piece, which was not restrained by the concrete cylinder,
showed a linear trend of 6 µ3/month.) For a cylinder piece
submerged from the first day, assuming that the observations
can be superimposed, the net strain from heating and cooling
plus absorption of water over the first 10 days would be
about 100 to 150 µ3 of apparent elongation. The swelling
over the following 200 days would amount to about 10 to
15 µ3 of apparent elongation.
It is important to realize that the change of strain values

caused by the grout hydration process and absorption of
water is an internal process that is practically independent of

Fig. 3. Temperatures measured at the gage levels in the Shinho test
pile during the first 250 h after grouting the pile.
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outside forces on the pile, such as residual load and imposed
test load (no outside forces influenced the short pieces test).
Therefore, a sister-bar recorded strain decrease due to the in-
ternal hydration process that indicates an apparent compres-
sion is associated with a corresponding apparent tension of
the concrete and grout, and vice versa. It would of course
have been desirable to also measure the strain changes in the
concrete, but no such gages were employed. In contrast to the
changes due to the internal processes, outside forces cause
strain changes measured by gages that are equal in rebars
(sister bars) and concrete. The key to the analysis of strain
gage response to the applied test loads is, first, to eliminate
from the records strain values that are due to the internal
process and, second, to separate strains due to residual load
from those caused by the imposed test load.

Load–movements: Shinho pile, stage 1 (O-cell test)
The Shinho test was started 218 days after the pile had

been driven and grouted. The recorded load–movements of
stage 1, O-cell test, are shown in Fig. 7. The downward
movement was negligible until the applied load was about
1200 kN, which is considered to represent the residual load
at the pile toe (the pile buoyant weight is 230 kN). At the
4430 kN maximum O-cell load for the first load cycle, the
downward and upward movements were only 2.5 and
3.0 mm, respectively.
When increasing the O-cell load from 4270 to 4430 kN,

the downward movement increased from 2.4 to 5.5 mm
followed within 1 min by an additional 2.5 mm movement
to 8.0 mm gross movement, while the pressure in the O-cell
reduced. As this indicated that something was amiss with the

Fig. 4. Strain change measured at select gages in the Shinho test pile during the first 250 h after grouting the pile.

Fig. 5. Strains measured in the Shinho test pile during 200 days after grouting the pile.
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test, the load was immediately released to zero in accordance
with the scheduled unloading procedure. The first cycle
downward and upward net movements after completed un-
loading were 6.0and 0.5 mm, respectively.
The test started anew the next day (second cycle). Initially,

the response was similar to that of the first cycle. However,
beyond the 4430 kN maximum load of cycle 1 (i.e., maxi-
mum stress of 15.7 MPa), the downward movements in-
creased progressively. The pile was unloaded when total
downward and upward movements were about 90 and 6 mm,
respectively. After unloading, it was found that one of the vi-
brating wire sister-bar gage pairs at gage level 1, located 3 m
above the O-cell, malfunctioned and was obviously impaired.
In contrast to the downward movement, the upward move-

ment showed no progressively increasing value during the
loading. In unloading, however, the upward movement
became very uncharacteristic, increasing by 16 mm with de-
creasing load as shown in Fig. 8. Measurements of the pile
head movement showed that it had not moved. Therefore,

the 16 mm upward movement of the O-cell plate was due to
damage in the pile at the O-cell level and over some un-
known distance above the O-cell location. Moreover, the
“plunging” downward response of the O-cell bottom plate is
similarly associated with the O-cell and pile breaking up; it is
not indicative of the test approaching a capacity value. The
stage 1 test results show that the mobilized toe resistance
was at least 4000 kN.
Figure 9 shows the test-induced strain values measured at

the maximum O-cell loads (4430 and 5070 kN) applied at
the pile toe in the two cycles of the Shinho test. Also shown
are the strains immediately after full release of the O-cell
load after the tests, and the strains recorded immediately be-
fore starting the subsequent head-down test. The strain values

Fig. 6. Distribution of strain in (a) Shinho pile and (b) Myeongji pile at selected times after grouting until day of static loading test. d, days.

Fig. 7. Upward and downward movements of the Shinho O-cell
plates.

Fig. 8. Upward movements of the Shinho O-cell plates plotted to
enlarged scale.
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are the change of strain in relation to the “zero” readings
taken just before the start of the test. As shown, the O-cell
load did not affect the strain gage readings above about
30 m depth, a distance of about 20 m above the O-cell.
Note, however, where the pile is subjected to fully mobilized
negative direction forces, no appreciable change will be seen
until the applied O-cell load exceeds the existing residual
force. It is not likely that the O-cell load imposed any appre-
ciable strain close to the pile head.
In unloading the O-cell, the separation of the O-cell plates

created an about 100 mm wide axial gap, which allowed the
spring effect of the locked-in stress in the pile to elongate the
lower portion of the pile as evidenced by the negative strain
values shown in the Fig. 9. The values are not negative in the
absolute sense, but indicate the release of residual load in the
pile. Right at the pile toe, the release of the residual load is
total.
The test-induced strains are small and the shaft resistance

at the strain-gage levels is not fully mobilized, which pre-
cludes evaluation of the modulus of the pile material, etc.
This will be addressed using the results of stage 2, the head-
down test.

Load–movements: Shinho pile, stage 2 (head-down test)
The Shinho head-down test was carried out 4 days after

the O-cell test. Figure 10a shows the recorded pile head
load–movement. When the applied load was 8350 kN and in-
creasing to the next load — 8650 kN — it was noticed that
one of the jacks had sprung a leak. During the about 10 min
spent investigating whether the leak could be fixed, the load
dropped to 8135 kN. Fixing the leak showed to be not possi-
ble and the pile was unloaded. After repair of the jack, the
test was restarted the next day. At an applied load of
8900 kN, when attempting to add the next 300 kN increment
to 9200 kN and to hold this load, large increased movements
occurred, making it clear that the pile capacity had been sur-

passed. The pile was therefore unloaded. Figure 10a also
shows the recorded pile toe movement, maximum 45 mm,
which closed part of the 100 mm gap created in stage 1. The
load–movement curves of the two cycles of loading have
been connected with a dashed line to suggest the curves
that would have resulted had the unloading not taken place.

Load–movements, Myeongji pile (head-down test)
The Myeongji head-down test was carried out 164 days

after the pile had been driven. Figure 10b shows the load–
movement curves of the pile head and pile toe. The measured
shortening of the pile is also shown. When the applied load
was 6400 kN (i.e., 47 MPa over the cross section) the pile
head suddenly burst. The pile structural strength (nominally
6000 kN) had been exceeded, and the test was over. When
the pile head burst, the strains induced in the pile at the two
gage pairs at gage level 13 were 1200 and 1300 µ3.

Strain measurements, Shinho pile, stage 2 (head-down
test)
Figures 11a and 11b show the load–strain values recorded

during the first and second cycles of the Shinho head-down
test. The reference strains — the “zero” readings — are the
readings taken immediately before the start of stage 1, the
O-cell test. The strain development is smooth, indicating
good data, as would be expected from a pile with a well-defined
cross section. The strain data of gage levels 12 and 11 plot
very near each other and show a slope of about 25 GPa.
The slope of the gage levels located deeper in the pile also
appear approximately straight, but they are progressively
steeper indicating that the shaft resistance is not fully mobi-
lized except for the very last load increments.
Determining the loads represented by the strain values re-

quires knowledge of the pile material “elastic” modulus. Rec-
ognizing that the modulus of concrete is not a constant, but
reduces with increasing strain, the modulus to use is the se-
cant modulus. The best method for determining the secant
modulus is from a “tangent-modulus” plot (Fellenius 1989,
2009). Figures 12a and 12b show the tangent-modulus plot
from cycles 1 and 2, respectively, from gage levels 12
through 8. The lines and equations for linear regression of
the data from gage levels 12 and 11 are indicated in both fig-
ures and show a close similarity. The average equation for the
secant E-modulus, Es, is 29.0 – 0.006µ3 GPa. That is, at
small (zero) strains, the Es-modulus is 29.0 GPa and at a
strain of 1000µ3, the Es-modulus has reduced to 23.0 GPa.
The average modulus is 25.0 GPa. For both cycles 1 and 2,
the gage levels at a deeper location were affected by chang-
ing shaft resistance (except for the last increment; see further
information at the end of this section) and therefore, the
curves do not develop a tangent-modulus line. For cycle 2,
the data are also affected from being reloading values as op-
posed to virgin loading.
Figures 13a and 13b show the load distributions for the

applied loads for the cycles 1 and 2 head-down tests. The
distributions are determined from the measured strains by ap-
plying the secant modulus to the induced strain values (i.e.,
the reference “zero” strain is the initial reading immediately
before the O-cell test). Thus, the loads shown do not include
the loads present in the pile at the start of the test — the re-
sidual load in the test pile. After unloading the test pile, the

Fig. 9. Test-induced change of strain values measured at the maxi-
mum Shinho O-cell loads.
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values of net strain indicate negative loads below 10 m
depth, which suggests that the test released some of the resid-
ual load in the pile. However, the fact that the “after unload-
ing” curves from cycle 2 are almost the same as that from
cycle 1 indicates that no such additional release occurred in
cycle 2. Actually, cycle 2 re-introduced a net compression
strain in the lower three gage levels. The “after unloading”
net compression indicated above 10 m depth is interpreted to
be caused by the release (pile lengthening) below this depth
that made the pile “spring” back resisted by shaft shear,
which caused an increase of load (strain) in the portion above
10 m depth. For reference, the unloading load distribution
curves from the O-cell test are also included.
Figure 14 shows the measured shortening of the Shinho

pile plotted versus the pile toe movement. When the shaft re-
sistance had become fully mobilized, the pile moved mono-
lithically, which is an indication that the shaft resistance did
not soften during continued shear movement in either cycle.
The small reduction of the shortening for the last value in
cycle 1 is not due to softening, but to that the applied load
was allowed to reduce when the source of the leak was inves-
tigated.
Fellenius (2002a, 2002b, 2009) presented a method for es-

timating the residual load distribution in a pile directly from
the load distribution curve determined from the load induced
in the test, i.e., from the “zero” readings. The method as-
sumes that the residual load is built up from fully mobilized
shaft shear in the upper portion of the pile and therefore, the
“true” shaft resistance and residual load are both equal to
half the apparent reduction of load due to shaft resistance.
This assumption is valid down to where the downward-directed
shear forces (negative skin friction) start to diminish within
a transition zone between the negative and positive direction
of shear force along the pile. Below the transition zone, the
residual shear forces are again more or less fully mobilized,
now in the positive direction. An advantage for the analysis
of the data from the subject test is provided by the fact that
the 100 mm net opening between the O‑cell plates of the

initial O‑cell test removed all residual toe load and elimi-
nated the ability of the pile to build up toe resistance.
Figure 15a shows the measured distributions (curve A) for

the 8350 kN maximum load applied to the pile head in the
cycle 1 test on the Shinho pile. Curve B is the distribution
of residual load calculated as half the apparent reduction of
load due to shaft resistance shown by curve A from the pile
head to the pile toe. This curve represents the first step in de-
termining the distribution of residual load present in the pile
at the start of the test. It is assumed that shaft resistance is
fully mobilized and equal in negative and positive directions
of shear. This assumption is considered valid down to where
the unit shear force starts to reduce and change from negative
to positive direction. This point is the end of fully mobilized
residual load and is marked “Residual shear fully mobilized”.
Whether this point lies at the indicated depth of 34 m, a bit
higher up in the clay layer or a bit lower (say, at the interface
of the clay and sand layer at about 39 m depth) is a judgment
call here, aided by the fact that neither residual load nor toe
resistance exist at the pile toe. A further aid is found in refer-
ence to the soil layering indicated in the cone sounding dia-
gram shown to the side of the diagram. The plotting of the
continued residual load from below the neutral plane, where
its magnitude is reduced due to positive shaft resistance, is
also governed by judgment, aided by the condition that it
cannot show a larger shaft resistance (i.e., have a flatter
slope) than the positive shaft resistance indicated by curve
D. The latter is simply determined as curve A values plus
curve C values, and it is the “true” distribution of load in
the pile.
Also shown in Fig. 15a is curve E, which is the “true” re-

sistance curve (D) fitted to an effective stress calculation re-
sulting in the b-coefficients indicated in the column to the
right of the graph. The density values are those given in the
site condition section and the pore pressure distribution in-
corporates a 30 KPa excess pore pressure for the silty clay
between 15 and 40 m depth. The simple array of b-coefficients
shown makes the two curves plot on top of each other.

Fig. 10. Pile head and pile toe load–movements measured in the (a) Shinho and (b) Myeongji head-down tests.
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Figure 15b shows the identical calculations for the 7750
kN load applied to the pile two increments earlier in the test.
Curve C down to a 34 m depth is determined from curve A,
while below 34 m depth the values are identical to those of
Fig. 15a. Curve C from Fig. 15a is added to the graph and
the difference between the two C curves demonstrates that
the method of analysis is not exact because, theoretically, the
two curves should have been equal, as it can be assumed that
the same full shaft resistance would have been mobilized
along the upper portion of the pile for the 7750 kN load as
well.
Figure 15c shows the calculations for the 8350 kN load

applied to the pile in cycle 2. Again, curve C down to a

34 m depth is determined from curve A, while below 34 m
depth the values are identical to those of Fig. 15a. The calcu-
lated distributions of residual load and shaft resistance are
very similar to those shown in Fig. 15a. Figure 15d shows
the calculations for the 8900 kN load and demonstrates, as
in cycle 1, that the calculated residual loads for the two cases
are very similar albeit not exact. The difference is slight and
the four analyses shown in Figs. 15a through 15d can be
taken as resulting in the same distributions of residual load
and shaft resistance for the test pile.
Figure 16 compares the residual loads with the loads cal-

culated applying the same secant modulus relation to all the
measured strains from cycle 1 of stage 1 (O-cell test) through
cycle 2 of stage 2 (head-down test). Curve C in the figure is
the residual load distribution evaluated from cycle 1. Curve E
is the load distribution calculated from the strains measured
after unloading the O-cell test, which is the release of resid-
ual load due to the net opening of the O-cell (loads are
shown negative). Combining curves C and E (adding their
absolute values) results in curve F, the residual load in the
pile immediately before the start of cycle 1, O-cell test.

Fig. 11. Load–strain recorded in Shinho (a) cycle 1 and (b) cycle 2
strain gages.

Fig. 12. Tangent modulus graph from measurements of load, Et, and
strain in the Shinho pile: (a) stage 2, cycle 1 and (b) stage 2, cycle 2
(y and x are variables in the linear regression equation).
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For reference, Fig. 16 also shows curve G, which is the
load distribution calculated from the change of strain devel-
oped after the grouting of the Shinho pile, taking the strain
at day 10 after the grouting as zero reference. The strains
after day 10 are considered dominated by shear forces devel-
oping between the pile and the soil. Curve H is the distribu-
tion of load calculated from the strains developing from the
day of the grouting until day 10, and these strains are
strongly affected by the internal processes (temperature
changes in the grout and swelling). It is tempting to add
curves G and H and subtract curve F to arrive at the effect
of the internal processes during the first 10 days after the

grouting of the pile. However, this would be little more than
conjecture. Note also that the residual load — magnitude un-
known — that must have developed in the pile during the
3 days between driving and grouting the pile is not included
in curve H.
The main use of the CPTU sounding in this paper is as a

reference to the soil layering. In general, however, the results
of CPTU soundings are also considered particularly suitable
for calculation of capacity and resistance distribution of piles.
The shaft resistance determined by the CPTU method pro-
posed by Eslami and Fellenius (1997) is shown in Fig. 17 to-
gether with the distribution of the “true” shaft resistance. The
CPTU curve has been moved laterally to best suit the “true”
resistance, to facilitate a comparison between the “true” and
the CPTU-determined shaft resistance. Down to about 50 m
depth, the CPTU-determined value agrees reasonably well
with the “true” resistance, but below, in the sand, it does
not. Possibly, the pile driving has densified the sand and
although the sounding was made after the pile driving, it
was not close enough to the test pile to register any effect of
the driving.

Myeongji pile
The test data recorded in the loading test on the Myeongji

pile were analyzed the same way as described for the Shinho
pile test. The pile response to the driving in terms of tension
and compression stresses was about the same as recorded for
the Shinho pile. The tangent modulus method gave a secant
modulus, Es (GPa) of 29.0 – 0.003µ3, very similar to the
value determined for the Shinho pile. The load distributions
for the applied loads were calculated using this modulus and
the results are shown in Fig. 18. The figure also shows the
curves for residual load, the “true” resistance, and the curve

Fig. 13. Distribution of load in Shinho (a) stage 2, cycle 1 and
(b) stage 2, cycle 2 from the imposed strains uncorrected for resi-
dual load. Also shown are the load distributions determined from
the strains after unloading the pile after the O-cell test cycle 2 and
after the head-down test (a) cycle 1 and (b) cycles 1 and 2.

Fig. 14. Pile shortening versus pile toe movement in Shinho head-
down test.
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matched to an effective stress analysis using the b-coefficients
shown at the side of the diagram.
The results of a CPTU sounding close to the Myeongji pile

location are shown at the right side of Fig. 18. The shaft re-
sistance curve determined by the Eslami–Fellenius method
(Eslami and Fellenius 1997) from the CPTU data is plotted
next to the shaft resistance distribution. The curve has been
offset to facilitate a comparison between the “true” and the
CPTU-determined shaft resistance. As for the Shinho pile,
the CPTU determined value agrees reasonably with the
“true” resistance, but is quite off in the sand. The static cone
at the Myeongji site was pushed before the static loading test
was performed. Therefore, the values are unaffected by po-
tential densification of the sand due to the pile driving.
The results from the 35 m long Myeongji pile are in all

applicable aspects similar to the results of the 57 m long
Shinho pile.

Application of the results to the design of the
piled foundations

The construction piles supporting the new buildings at the
two sites will in the long term be subjected to drag load and,
potentially, also to downdrag, which has to be considered
along with the design for the bearing capacity of the piles.
This design approach is expressed in “the unified design
method” (Fellenius 1984, 2004; Canadian Geotechnical Soci-
ety 2009; Fellenius and Ochoa 2009), where the drag load —
giving rise to a maximum load in the pile (at the neutral
plane) — is considered with respect to the structural strength
of the pile, and the settlement of the pile (downdrag) is rec-
ognized to be equal to the settlement of the soil at the neutral
plane. The ongoing consolidation of the soft clay makes it
clear that it is desirable that the piles be installed such that the
neutral plane does not develop any higher than a location at or

Fig. 15. Construction of the Shinho residual load: (a) cycle 1 for 8350 kN applied load; (b) cycle 1 for 7750 kN applied load; (c) cycle 2 for
8350 kN applied load; (d ) cycle 2 for 8900 kN applied load.
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slightly above the sand layer. At this depth, post-construction
soil settlement will be small and therefore, the downdrag
will be small.
The pile toe penetration governs the mobilized pile toe

resistance and provided the neutral plane lies where the
long-term soil settlement is small, the long-term pile toe
penetration into the dense sand layer is small, too. A conser-
vative estimate is that the toe resistance is 4000 kN. These
conditions establish the location of the neutral plane (force

equilibrium as well as settlement equilibrium) and the magni-
tude of the maximum load in the pile.
Based on the test results, the load distribution can be deter-

mined for a construction pile at the Shinho site similar to the
test pile. Figure 19 shows the distribution for a 55 m long
pile subjected to a sustained load, Qd, equal to the mentioned
allowable load of 2300 kN. As shown, the load in the pile
will increase due to negative skin friction down to the lower
boundary of the soft clay at about 39 m depth, stay more or
less constant within a relatively short transition zone, and
then reduce to an estimated about 4000 kN toe resistance.
The maximum load in the pile will be about 6000 kN and
the drag load will amount to about 4000 kN. This maximum
load is close to the structural strength of the cylinder pile.
Therefore, to ensure structural integrity and adequate struc-
tural strength, the lower lengths of the pile, about 30 m total,
will have to be grouted to increase the axial structural
strength. The soil settlement at the neutral plane is estimated
to be no more than a few millimetres. Therefore, the long-
term settlement of the foundations will consist of mostly
load-transfer movement, which is about equal to the down-
drag and “elastic” compression of the pile due to the imposed
load, in all less than about 10 mm. The pile capacity does not
govern the design, because the pile capacity (for a mobilized
toe resistance of 4000 kN) is approximately 12 300 kN, which
is several times the allowable load.
At the Shinho site, if the piles were to be installed to a ca-

pacity just adequate for the desired allowable load, they could
be much shorter, say about 40 m. The maximum load for that
shorter pile could well be within acceptable limits for the
structural strength without grouting the pile central void.
However, the neutral plane would be located up in the soft
clay and the piled foundation would experience unacceptably
large long-term settlement.
Figure 20 shows the similar curves for the shorter

Myeongji pile. Again, total capacity of the pile will not be
an issue for the design. However, settlement (downdrag) and
axial structural strength may be. Provided that the pile driv-
ing develops a good toe resistance in the sand layer, the neu-
tral plane will be at or close to the sand layer and downdrag
will be minimal. For a pile of the length shown, the pile
structural strength is adequate for resisting the maximum
load in the pile without grouting the pile central void. How-
ever, where the piles become longer because the soft clay
layer is thicker, the design will consider upgrading the struc-
tural strength of the pile by, for example, grouting the pile
void.
At both sites, the long-term load distribution and location

of the neutral plane is governed by the magnitude of the pile
toe resistance, which is a function of the pile toe penetration
into the sand layer. The penetration is about equal to the set-
tlement at the neutral plane. The analysis of the strain gage
records provide the pile toe resistance, which together with
the pile toe movement measured for the Myeongji pile gives
the load–movement relation for the pile toe, as shown in
Fig. 21. The figure also shows the residual pile toe load es-
tablished in the analysis. Thus, the curve consists of a reload-
ing part and a virgin part. An approximate — somewhat
speculative — virgin curve has been added to the figure to
indicate a possible load–movement response had there been
no residual toe load. However, for these piles, the driving

Fig. 16. Residual load (C) in the Shinho pile determined by the
method proposed by Fellenius (2004, 2009) for stage 2 test and re-
sidual load (F) for stage 1 test after adding in the release of load
subsequent to unloading the stage 1 test (O-cell test).

Fig. 17. “True” resistance distribution (curve F in Fig. 16) in the
Shinho pile test and shaft resistance calculated from the CPTU
method. The latter is offset to provide a better comparison to the
“true” distribution.
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alone will induce a residual toe load and due to the build-up
of residual load along the pile shaft after driving, the toe re-
sidual load at the pile toe will increase. Therefore, already a
small settlement at the neutral plane will result in a signifi-
cant increase of the pile toe load and, probably a lowering of
the neutral plane. Thus, the pile testing programme has
shown that (i) the long-term settlement of the piles is ex-
pected to be small and (ii) the key design aspects for this
site are the maximum load in the pile and the pile structural
strength.

Summary of findings and conclusions

The test objectives were reached and the results can be
summarized in the following points:

1. The values of measured maximum compression and tension
during the driving were 70% and 50%, respectively, of
the allowable values, and pile driving was shown not to
overstress the pile.

2. The build-up of residual load in the Shinho pile started im-
mediately after the driving and was still continuing 7
months later, when static loading tests were carried out.

Fig. 18. Results of the head-down loading test on the Myeongji pile: distributions of residual load, “true” resistance, resistance matched to an
effective stress analysis, and shaft resistance determined from the CPTU test. The CPTU cone resistance, qt, and the b-coefficient that pro-
vided the match are shown on the right side. RS, shaft resistance.

Fig. 19. Long-term resistance and load distributions for a construc-
tion pile at the Shinho site, which is similar to the test pile at the
Shinho site. Qn, drag load; RULT, ultimate resistance.

Fig. 20. Long-term resistance and load distributions for a construc-
tion pile similar to the test pile at the Myeongji site.
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3. The strain records showed an about 50 to 200 µ3 reduction
in the sister-bar strain-gage values during the first about
20 h after driving. During the next about 10 days, the re-
duction was recovered, whereafter strain values again indi-
cated a slow increase of strain values continuing during
the 7 month wait until the static loading test was carried
out. During the first 10 days, the strain changes were
mostly due to internal processes caused by temperature ef-
fects during the hydration of the grout and swelling of the
grout and concrete by absorption of water from the
ground. Thereafter, the strain increase was caused by in-
creased load in the pile due to the soil set-up and ongoing
consolidation of the thick soft clay layer at the site, which
involved interaction with external shear forces along the
pile.

4. A special laboratory study of strain changes due to hydration
only and swelling only, without the influence of residual
load, showed that the influence of hydration and swelling
on strain measurement was a significant portion of the total
strains measured in the test pile during the set-up period.

5. For a cylinder piece submerged from the first day, assum-
ing that the observations can be superimposed, the net
strain from heating and cooling plus absorption of water
over the first 10 days would be about 100 to 150 µ3 of
apparent elongation. The swelling over the following
200 days would amount to about 10 to 15 µ3 of apparent
elongation. The strains from hydration and swelling are
about one-third of the total strains measured during the
set-up period.

6. Judging from the measurement in the test pile and the spe-
cial short pieces test, for the first 10 days after the driving
and grouting, the strain process is dominated by hydration
and swelling. Thereafter, the increase of strain is mostly
due to build-up of residual load from the soil. It is not pos-
sible to determine with an acceptable degree of precision
the relative magnitude of the two influences from strain-
gage records alone.

7. While the head-down loading test on the 35 m long
Myeongji pile did mobilize the pile shaft resistance, the
small portion of the maximum test load that reached the
pile toe (about 2000 kN) showed that the total capacity

of the pile was not reached when the structural failure oc-
curred. A pile of the same length strengthened by grout-
ing the central hole would have had sufficient strength to
be tested to the full static capacity. However, had the
strengthened pile been longer, it would probably not have
withstood the then necessary maximum test load. The
combination of the O-cell and head-down tests resolved
this dilemma.

8. The O-cell test showed the Shinho pile toe resistance to be
at least 4000 kN. The test was successful in establishing
a gap at the pile toe so that the pile functioned as a
purely shaft-bearing pile in the subsequent head-down
test. The O-cell test also indicated that the residual toe
load is as least 1200 kN. The residual toe load was re-
leased on the unloading of the O-cell.

9. The head-down test showed the shaft resistance of the Shinho
test pile to be 8400 kN. Tangent-modulus analysis of the
strain gages in both test piles established the secant pile
modulus, Es (GPa), to use in converting the strain values
to load as 29 – 0.006µ3. The average modulus was
25 GPa. The corresponding values for the Myeongji
pile were similar.

10. The CAPWAP analysis for the end-of-driving impact showed
a shaft resistance of about 2000 kN for the Shinho pile.
The additional shaft resistance due to set-up thus
amounted to about 6500 kN.

11. The Shinho strain-gage converted distribution of load was
corrected for residual load and showed the residual load
equilibrium (neutral plane) to be located between 34 and
39 m depth. The maximum residual load in the pile was
about 3000 kN. The “true” shaft resistance distribution
corrected for the residual load showed that the unit shaft
resistance in the soft clay was small, corresponding to an
effective stress b-coefficient of only 0.12. In the dense
silty sand, the unit shaft resistance corresponded to a
b-coefficient of 0.50.

12. The analysis of the Myeongji test results load distribution
showed distributions of shaft resistance and b-coefficients
very similar to those of the Shinho pile.

13. For both test piles, the CPTU-determined shaft resistance
in the soft clay agreed well with that from the tests, but

Fig. 21. Myeongji pile: toe resistance evaluated from the strain gages versus measured pile toe movement.
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indicated a significantly smaller value in the sand layer. A
possible reason could be that the pile driving densified the
sand, which caused the shaft resistance to increase.

14.Calculations of the long-term conditions for a construction
pile similar to the test piles show the pile capacity to be
more than adequate for the 2300 kN allowable load. For
piles longer than about 30 m, the maximum load in the
pile (at the neutral plane) will approach the structural
strength of the pile and grouting the pile to strengthen
its axial structural strength should be considered. As the
long-term settlement at the location of the neutral plane
will be small, the long-term settlement of the piled foun-
dations will be acceptable to the design.
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