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Static loading test on a 45 m long pipe pile in
Sandpoint, Idaho

Bengt H. Fellenius, Dean E. Harris, and Donald G. Anderson

Abstract: Design of piled foundations for bridge structures for the realignment of US95 in Sandpoint, Idaho, required
a predesign static loading test on an instrumented, 406 mm diameter, closed-toe pipe pile driven to 45 m depth in soft,
compressible soil. The soil conditions at the site consist of a 9 m thick sand layer on normally consolidated, compress-
ible, postglacial alluvial deposits to depths estimated to exceed 200 m. Field explorations included soil borings and
CPTu soundings advanced to a depth of 80 m. The clay at the site is brittle and strain-softening, requiring special at-
tention and consideration in geotechnical design of structures in the area. Effective stress parameters back-calculated
from the static loading test performed 48 days after driving correspond to beta coefficients of about 0.8 in the surficial
9 m thick sand layer and 0.15 at the upper boundary of the clay layer below, reducing to 0.07 in the clay layer at the
pile toe, and a pile toe bearing coefficient of 6. The beta coefficients are low, which is probably due to pore pressures
developing during the small shear movements during the test before the ultimate resistance of the clay was reached.
The analyses of the results of the static loading test have included correction for residual load caused by fully mobi-
lized negative skin friction down to 10 m depth and fully mobilized positive shaft resistance below 30 m depth, with
approximately no transfer of load between the pile and the clay from 10 m depth through to 30 m depth.

Key words: pile loading test, residual load, strain-gage instrumentation, load distribution, setup, pile modulus.

Résumé : La conception de fondations sur pieux de structures de pont pour le ré-alignement de la US95 a Sandpoints,
Idaho, a nécessité avant la conception un essai de chargement sur un pieu de tuyau a bout fermé d’un diametre de
406 mm instrumenté et foncé a une profondeur de 45 m dans un sol mou compressible. Les conditions de sol sur le
site consiste en une couche de sable d’une épaisseur de 9 m reposant sur des dépdts alluvionnaires post-glaciaux com-
pressibles normalement consolidés jusqu’a des profondeurs que 1’on estime étre supérieures a 200 m. Les explorations
sur le terrain incluaient des forages du sol et des sondages CPTu jusqu’a une profondeur de 80 m. L’argile sur le site
est fragile et anti-écrouissable, nécessitant une attention et des considérations spéciales pour la conception géotechnique
des structures dans la région. Les parametres de contrainte effective rétro-calculés en partant de 1’essai de chargement
statique réalisé 48 jours apres le fongage correspondent aux coefficients béta d’environ 0.8 dans la couche superficielle
de sable de 9 m d’épaisseur, et de 0.15 a la frontiére supérieure de la couche d’argile sous-jacente, se réduisant a

0.07 dans la couche d’argile a la pointe du pieu, et a un coefficient de résistance a la pointe de 6. Les coefficients
béta sont bas, ce qui est probablement dfi aux pressions interstitielles se développant durant les faibles mouvements de
cisaillement au cours de I’essai avant que la résistance de 1’argile soit atteinte. Les analyses des résultats de 1’essai de
chargement statique ont inclus la correction pour la charge résiduelle causée par le frottement négatif completement
mobilisé dans la couche de surface jusqu’a une profondeur de 10 m et la résistance positive mobilisée sur le flt sous
une profondeur de 30 m avec approximativement aucun transfert de charge entre le pieu et I’argile entre 10 m et 30 m
de profondeur.

Mots clés : essai de chargement de pieu, charge résiduelle, instrumentation avec jauges de déformation, distribution de
charge, montage, module de pieu.

[Traduit par la Rédaction]

Introduction

The realigned US95 highway in Sandpoint, Idaho, will be
in an area underlain by soft, compressible soil to depths
greater than 80 m, possibly as deep as about 200 m. The
design includes a number of embankments and bridges. The

bridge structures will be supported on driven, closed-toe
pipe piles requiring consideration of axial capacity, drag-
load, and downdrag (settlement).

Detailed geotechnical explorations were made in accor-
dance with the general requirements of the Idaho Transpor-
tation Department (ITD). The explorations included drilling
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Fig. 1. Results of cone penetrometer testing at the site (CPT-03, 80 m).

Cone Stress, q; (MPa) Sleeve Friction, fs (kPa)

0 020 30 0 100 200 300 400 500
0 : . t . R . . .
] I 0
Sand with silt ]
and clay w
10 1 2 10
* [ —
4 (]
] =
20 ]
:E Soft Clay with 20
1= sand lenses T
£ —
30 30
£ 1 T 1
E 40 T 401
= E - o —
| 1 & ]
o ] a ]
50 - ] L
] Silty Sand with 50 1
] lenses of clay 1 —
L and silt ] -
60 60 - —
] = Silty Sand ] -
] T ]
70 il 70 ¥
;é Soft Clay 3i
80 ] | 80 ]

and sampling, piezocone penetrometer sounding CPTu, and
laboratory testing. To study the pile response to axial load-
ing, a static loading test was conducted on an instrumented
45 m long steel pipe pile. The test pile was driven on 29 Au-
gust 2001, and the static loading test was performed on
17 October 2001, 48 days later.

The purpose of this paper is to present the results and in-
terpretations of the pile loading test in terms of load transfer
and distribution of residual load and corresponding soil
shear parameters. The results have led to some interesting
observations and conclusions regarding the design of pile-
supported structures in these very soft soils.

Site and soil description

Site description and soil profile

The project area is located in Sandpoint, Idaho, a recre-
ational community located in northern Idaho along the
shores of Lake Pend Oreille. The proposed new alignment of
US95 is on relatively flat ground between the shoreline of
Lake Pend Oreille and Sand Creek. Steep hills surround the
lake and the city. Lake Pend Oreille is a natural water body
with a maximum depth of about 300 m. The water surface is
controlled by Albany Falls Dam. The normal minimum and
full lake elevations are +628.6 and +625.1 m, respectively
(U.S. Army Corps of Engineers 2002). The pile test site is
located on an approximately 60 m wide section of a penin-
sula that extends into the lake at the proposed location of a
bridge that will cross Sand Creek. The ground surface is rel-
atively flat at approximately elevation +633 m.

The soils at the site are postglacial alluvial deposits with a
total thickness estimated to exceed 200 m. Depth to bedrock
is unknown but is estimated to be in excess of 200 m
(Breckenridge and Sprenke 1997). Field explorations at the
test pile location have included soil borings and CPTu
soundings advanced from the ground surface to a depth of
80 m. Mud rotary drilling methods were used, and soil sam-
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ples were obtained with a hydraulic piston sampler using
thin-wall Shelby tubes. Figure 1 presents the results of the
CPTu sounding close to the location of the test pile. The in-
terpretation of the CPTu diagram is that the profile consists
of the following four soil types: (1) a 9 m thick layer of
sandy and silty soil; (2) an approximately 40 m thick layer
of clay from 9 to 48 m, containing several approximately
500 mm thick layers or seams of loose to medium-dense
sandy silt and silt, with five slightly thicker sand zones in
the clay at depths of 24.6 m (0.90 m thick), 31.9 m (0.20 m
thick), 37.1 m (0.40 m thick), 41.8 m (0.20 m thick), and
44.9 m (0.40 m thick); (3) a 17 m thick layer of an alternat-
ing sequence of silt, silt with sand, and sandy silt and clay to
a depth of approximately 65 m (the sequence is referred to
collectively as silt; and (4) an approximately 15 m thick
layer of silt and clay from 65 m depth to the end of the
CPTu sounding at 80 m depth, and probably continuing be-
yond this depth.

The friction ratio in layers 2 and 4 ranges from 0.2% to
0.3%, which is smaller than that usually found for clays.
Such a small value is considered indicative of sensitive clay.
Vane shear tests at the site do not indicate any appreciable
sensitivity, however.

The results of a soil classification of the CPTu data ac-
cording to the Eslami—Fellenius CPTu method (Eslami 1996;
Fellenius and Eslami 2000) are presented in Fig. 2. The data
points of the CPT sounding have been plotted in four charts,
one for each of the four soil layers. For layer 2, different
symbols are used for values classified as clay and for values
identifying sand lenses within the clay.

Piezometer observations

In January 2001, three vibrating-wire piezometers were
installed in a single borehole approximately 10 m away from
the test pile location. The piezometers were installed in lay-
ers 2, 3, and 4 at depths of 19.2, 61.0, and 79.3 m, respec-
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Fig. 2. CPTu soil classification chart according to the Eslami—Fellenius method. The measurements have been separated into the four

soil layers.
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tively, and measurements taken from February through
September 2001.

For the piezometer at 19.2 m depth (layer 2), the measure-
ments correspond to a phreatic elevation at +628.5 m with a
0.2 m variation, that is, 4.0 m below the ground surface. The
lake level during this period was at elevation +628.3 m.

The phreatic elevations at the piezometers in layers 3 and
4 ranged from +632.0 to +632.5 m and +631.8 to +632.2 m,
respectively. The similarity in ranges shows that the pore
pressure distribution is hydrostatic between the two piezo-
meter depths, with a phreatic level at the ground surface.
The hydrostatic distribution within layers 3 and 4 is assumed
to exist to the bottom of layer 2 at a depth of about 48 m,
corresponding to a pore-water pressure of 500 kPa at this
depth.

To investigate the pore pressures in layer 2, three addi-
tional vibrating-wire piezometers were installed at the test
site on 13 August 2001, 15 days before the installation of
the test pile and reaction piles. All three piezometers were

nested in one vertical hole 1.4 m from the centre of the test
pile location, i.e., approximately 1.2 m away from the sur-
face of the pile. The piezometer tips were placed in layer 2
at depths of 13.7, 16.8, and 29.2 m. The pore pressure distri-
bution measured in the new piezometers is consistent with
the pore pressures in the piezometer at the depth of 19.2 m,
10 m away. Measurements from 1 day to 48 days after driv-
ing are presented in Fig. 3 and show that the pore pressures
measured in layer 2 one day after the driving of the test pile
had increased from about 250 kPa to 300 kPa over the pres-
sures existing before the start of the driving of the piles.
The measurements indicate that the pore pressures intro-
duced by the pile driving had essentially dissipated at the
time of the static loading test, 48 days after the driving.

Laboratory tests

The results of the laboratory tests on soil samples are
compiled in Table 1. The samples were recovered from a
borehole advanced about 10 m away from the test pile loca-
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Table 1. Results of laboratory tests.

Can. Geotech. J. Vol. 41, 2004

Sample Dry Total
Exploration Sample mid-depth w LL PL density density
No. No. (m) (%) (%) (%) (kg/m?) (kg/m>) )
RB-01-03 SS-02 3.28 25
RB-01-04 ST-04 6.92 1230 1791 1.12
RB-00-08 ST-07 12.83 57 49 27 1084 1701 1.49
RB-01-03 SS-06 9.37 49
RB-01-03 ST-09 12.92 48 38 16 1184 1756 1.28
RB-01-03 SS-11 1547 51
RB-01-03 ST-13 18.65 51 1144 1738 1.36
RB-00-08 ST-09 18.71 52 52 30 1144 1741 1.36
CB-01-14 SS-12 28.58
RB-01-03 SS-18 30.71 42
RB-01-03 ST-19 34.20 43 37 15 1275 1820 1.12
RB-00-08 ST-19 42.81 46 48 24 1213 1776 1.23
RB-01-03 SS-22 42.90 40
RB-01-03 SS-24 49.00 30
RB-01-03 SS-28 61.25 28
RB-01-03 ST-30 67.45 38 38 14 1331 1852 1.03
RB-01-04 ST-30 67.55 39 35 12 1341 1861 1.02
RB-01-03 SS-31 76.43

Note: Borehole No. RB-01-03 is located near the test pile location (data from this borehole are shown in bold type). The other
consolidation coefficient; e,, initial void ratio; LL, liquid limit; m, modulus number; m,, reloading modulus number; p., precon-

Fig. 3. Pore pressure distribution at the piezometers installed
1.2 m outside the test pile as measured 1-48 days after driving.
G.W., groundwater table.
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tion and from two other boreholes located adjacent to the
test site. The tests determined that the natural water content
in the clay layer, layer 2, ranges from 40% to 57%. The con-
sistency limit tests show that the water content is higher than
or approximately equal to the liquid limit. In the silt and
clay layer below a depth of 66 m, the average water content
is 38%, a few percentage points higher than the liquid limit.
Grain-size and hydrometer tests on clay samples were
performed in layers 2 and 4 at depths 28.6 and 76.4 m, re-

spectively. The results indicate a high (88%) percentage of
clay-size particles in layer 2. In layer 4, the soil is made up
of 42% clay and 58% silt-size particles.

Consolidation (oedometer) tests were performed on sam-
ples obtained from layer 2 at depths of 12.9, 18.6, and
34.2 m, i.e., within the test pile embedment depth. One test
was performed on a sample from layer 4 at a depth of
67.4 m. The results from 12.9 and 18.6 m depths indicate
that the layer 2 clay is slightly overconsolidated, with pre-
consolidation stresses of 200 and 250 kPa, respectively,
which are about 50 and 75 kPa, respectively, larger than the
effective overburden stress at these depths. The samples
from 34.2 m (layer 2) and 67.4 m (layer 4) are disturbed,
and no preconsolidation stress is discernable.

The compressibility determined by the consolidometer
tests is expressed in terms of the Janbu modulus number, m
(Canadian Geotechnical Society 1992). The tests at depths
of 12.9 and 18.6 m indicate modulus numbers of 12 and 14,
respectively. These values correspond to C, and e, values of
0.44 and 1.28 at 12.9 m depth and 0.40 and 1.36 at 18.6 m
depth, respectively, where C, is the consolidation coefficient
and e is the initial void ratio.

The undrained shear strength in layer 2 determined from
field vane tests close to the test pile location ranges from
about 30 kPa at the top of the layer to about 70 kPa at the
bottom of the layer.

Previous pile tests in the area

Pile tests were carried out previously in Sandpoint (Waite
et al. 1980) about 500 m from the current test site. Three
composite piles were driven to a total embedment depth of
30 m. Each pile consisted of an upper 406 mm diameter
open steel pipe with a 9.5 mm thick wall spliced to a 15 m
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Effective
De overburden
(kPa) stress (kPa)

Grain-size distribution

% passing
No. 200

sieve

% sand % silt % clay

0.30
0.49

0.05 17 101
0.13 12 44
0.44 12 200 149

0.40 0.12 14 45
0.51 11

250 176

0.31
0.45

0.07 16 70
0.11 11 47

249

0.37 13
0.30 0.08 15 58

700 502

12 88

0 58 42

boreholes are located in the general vicinity of the test pile along the highway line. C_, consolidation coefficient; C,, reloading

solidation stress; PL, plastic limit; w, natural water content.

long wood pile with a toe diameter ranging from 150 to
250 mm. Static loading tests were performed 9 days after the
driving. The measured load—-movement curves are presented
in Fig. 4. From the shape of the curves, it is estimated that
the ultimate resistance for the piles was reached at a pile
head movement of about 10-15 mm. The ultimate resistance
ranged from about 700 to 900 kN, with an average of about
800 kN. As the piles were not instrumented, the resistance
distributions cannot be established. The ultimate resistance
was reached in a plunging mode, however, indicating that
most of the capacity mobilized in the test was shaft resis-
tance. The resistance actually reduced with increasing move-
ment, indicating a strain-softening behavior of the clay.

The authors matched the about 800 kN pile capacities of
the test piles in an effective stress analysis, which resulted in
a beta coefficient (B) of 0.18 and a toe bearing coefficient
(N) of 5. These are low values. For example, for piles in
clay, the Canadian foundation engineering manual (Cana-
dian Geotechnical Society 1992) suggests a range of beta
coefficients from 0.25 to 0.32 and a toe bearing coefficient
of 9. Fellenius (1999) indicates that the toe bearing coeffi-
cient in clay normally ranges from 3 to 30. The authors
attribute the low values to insufficient wait time (9 days) be-
tween driving and testing.

Description of the current test pile

The current test pile is a 406 mm diameter, closed-toe
pipe pile with a 12.5 mm thick wall. The pile toe was closed
with a 25 mm thick steel plate flush with the outside diame-
ter of the pile. On 29 August 2001, the pile was driven with
an APE D36-32 single-acting diesel hammer to an em-
bedment depth of 45.0 m. The ram stroke ranged from 1.2 to
2.0 m, and the penetration resistance was consistently about

Fig. 4. Results of the 1980 static loading tests on composite
piles.
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3 blows per 0.3 m. At a 10 blow restrike the next day
(30 August), the ram stroke was 2.0 m and the pile advanced
0.12 m (equivalent penetration resistance of 24 blows per
0.3 m). A pile driving analyzer (PDA) was used during test
pile driving. The results of the PDA measurements are dis-
cussed in a later section of this paper.

The final length of the pile was 45.89 m including, a
“stickup” of 0.89 m. The pile head elevation immediately af-
ter driving was +633.136 m, as surveyed on 31 August 2001.
The pile head elevation as surveyed on 6 September (the day
after grouting the pile) and 15 October was found to be 6
and 13 mm lower, respectively. The movements are attrib-
uted to the dissipation of excess pore pressures induced by
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Table 2. Depth to gages.

Can. Geotech. J. Vol. 41, 2004

Level

8 7 6 5 4 3 2 1
Below pile head (m) 1.29 6.50 10.09 16.87 23.85 30.90 37.99 44.86
Below ground (m) 0.40 5.60 9.20 16.00 23.00 30.00 37.10 44.00

the driving (Fig. 3) and the grouting of the pile. The total
weight of the pipe pile empty is 1.2 kN/m, and the buoyant
weight of the closed-toe pile (against the pore pressure dis-
tribution prior to the pile driving) is about zero. After grout-
ing, the total weight of the pile is about 2.9 kN/m, resulting
in a buoyant weight of the pile of about 80 kN.

Vibrating-wire strain gages

The pile was instrumented at eight levels with Geokon
Sister Bar vibrating-wire strain gages (part 4911) attached to
a “ladder” consisting of two vertically placed U-channels
(76 mm x 6.1 mm with a cross-sectional area of 7.81 cm?).
The cross-sectional area of each Sister Bar is 0.71 cm?. The
Sister Bars were placed concentrically at a distance of
140 mm from the pile centre and at the depths shown in Ta-
ble 2.

The purpose of level 8 strain gages was to provide data
for determining the Young’s modulus of the pile for use
when converting the strains measured at levels 1-7 to load in
the pile. At levels 2-7, two strain gages were placed diamet-
rically opposed and at equal distance from the pile centre
(the strain used to determine the load is the average of the
two gages). As levels 1 and 8 were considered to be the
most important gage levels, for redundancy, two gage pairs
were placed at 90° at these levels. Each “diameter pair” de-
termines a separate average value of strain in the pile, and
the two pairs serve as backup to each other.

Telltales

Before the grouting of the pile, to serve as guides for tell-
tales installed in the pile, two 25 mm outer diameter (0.d.)
pipes were installed inside the pile and all the way to the
pile toe by attaching them to the instrumentation ladder. The
guide pipe wall thickness is 1.6 mm (cross-sectional area is
1.2 cm?). The telltales consisted of Geokon 10 mm stainless
steel rods with threaded connections (part 1150) and a bayo-
net fit to lock into the bottom of the guide pipe. One telltale
tip was placed at the pile toe (the length between the pile
head and the pile toe inside the pile is 45.86 m). The other
telltale finished at 39.41 m below the pile head, i.e., 6.45 m
above the pile toe (the values do not include the 25 mm
thick toe plate). The purpose of the telltale was to determine
the shortening of the pile between the pile head and the pile
toe. The pile toe movement was then obtained by subtracting
the shortening from the pile head movement.

Steel and concrete areas

The cross-sectional total area and steel area of the test pile
are 1297 and 154.5 cm?, respectively. The steel area for two
U-channels, two Sister Bars, and two telltale guide pipes to
add to the cross-sectional steel area of the pile is 20.2 cm?.
With four Sister Bars, the steel area to add is 21.7 cm?.

On 5 September 2001, the instrumentation cage (the lad-
der) was lowered into the test pile, and concrete grout was
placed by tremie in the pile. The grout was specified to have
a cylinder strength of 28 MPa (4000 psi). Tests performed
on three cylinders on 1 November 2001, 56 days after the
grouting of the pile, gave cylinder strengths of 28.7, 34.6,
and 29.0 MPa (4160, 5014, and 4260 psi, respectively).
Values of Young’s modulus determined for these cylinders at
40% of strength were 26, 27, and 22 GPa (3.73 x 10°, 3.86 x
10°, and 3.18 x 10° psi, respectively).

Arrangement of static loading test and
precision of measurements

Six reaction piles were installed at the test site immedi-
ately before the driving of the test pile. The reaction piles
have the same diameter as the test pile but were 11.7 m
shorter (installed to a depth of 32.3 m). Three reaction piles
were placed symmetrically on each side of the test pile in
the corners of an equilateral triangle with a 1.5 m long side
and the apex pointing away from the test pile. The perpen-
dicular distance of the triangle base from the centre of the
test pile was 3.1 m. The “apex pile” was 4.3 m away from
the test pile.

The test load was applied by a 14 MN capacity O-cell
jack supplied by Loadtest Inc. and weighing 5 kN. Loads
were generated by increasing the pressure in the jack by
means of an electrically operated pump. The loads were
specified to be applied in equal increments of 150 kN. Each
load level was maintained for 10 min, whereupon the pump
was activated to raise the load by the next increment. The
actual load applied was determined not by the pump reading,
but at the O-cell jack itself. The O-cell values were deter-
mined to a reading precision of 0.1 kN and are considered
true to an accuracy of a few kilonewtons. As a backup to the
O-cell reading, the applied loads were also measured by a
separate load cell placed on the O-cell. (The O-cell values
and the load cell values agreed well in the test.) Reading the
load level on the pump pressure gage when operating the
pump was difficult, and the magnitude of the actually ap-
plied load increments deviated slightly from the 150 kN
level and ranged from 140 to 170 kN, with an average of
160 kN. On occasions, the load increment slightly exceeded
the intended value. The load level was then always accepted
in order not to disturb the test by releasing the pressure in
the jack, as this would have reversed the direction of the
shear forces along the upper portion of the pile.

The movement of the pile head was measured using two
linearly variable differential transducers (LVDT gages) to a
precision of 0.001 mm. The telltale-measured shortening of
the pile was by means of a single LVDT gage also to a pre-
cision of 0.001 mm. The pile head movement was also inde-
pendently recorded with a surveyor’s optical level.
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The Sister Bar strain-gage readings were determined to a
precision of 0.1 microstrains, corresponding to a load preci-
sion of 0.3 kN. The accuracy of a load value determined
from the strain-gage readings is a function of the accuracy of
the pair of strain gages and the accuracy of the estimated
modulus in combination. Therefore, considering the effect of
accuracy of the modulus of the composite pile section (see
later in the paper), the accuracy of the load values deter-
mined from the measurements is estimated to be about 5-
10 kN.

All measurements were made with a data acquisition sys-
tem, and the data were displayed in the field and simulta-
neously stored for later processing. Before starting the test,
several readings were taken of all gages to provide baseline
values. During the test, readings of applied load, move-
ments, and strains were recorded every 30 s and immediately
before and after the addition of a load increment. Readings
were stored using a data acquisition system. Manual read-
ings were also obtained.

Results of dynamic monitoring of the pile
driving

Dynamic monitoring with the pile driving analyzer (PDA)
was carried out during the installation of the test pile, com-
mencing when the pile had reached a depth of 29 m. The
driving paused for 72 min at 9.4 m depth and then continued
until the final embedment depth of 45 m. A few blows were
given to the pile in a restrike the following day (30 August)
after a setup time of 16 h.

A total of four analyses using the signal matching pro-
gram CAPWAP® (Pile Dynamics, Inc.) were performed on
blow records from the test pile. The blows selected for
CAPWAP® analysis and the total capacity are indicated in
Table 3.

As shown in Table 3, the capacity of the test pile at 29 m
depth increased from 190 kN to 400 kN during a 72 min
setup time. At the full embedment depth, the end-of-driving
and 16 h restrike capacities of the test pile were 260 and
980 kN, respectively. (As presented later in the paper the
980 kN value is about half the capacity, 1900 kN, found in
the static loading test performed 50 days after the driving).
At depth 29 m, the 720 kN increase of capacity due to the
short-term setup is mostly along the pile shaft.

In soils consisting of mostly clay-size particles, such as at
this site, the time for dissipation of pore pressures induced
by the driving and full setup is usually several weeks or
months. The test pile was restruck after a setup time of only
16 h. That the increase of capacity from 260 kN at end-of-
drive to 980 kN at beginning-of-restrike (also evident by the
increase in penetration resistance from 3 blows per 0.3 m to
24 blows per 0.3 m) in the 16 h period still was significant
and could be due to the presence of thin layers of sand and
silt that allowed a faster dissipation of pore pressures in-
duced during the driving. The restrike records indicated that
the soil resistance diminished within a few blows.

The CAPWAP®-determined capacities for the end-of-drive
and at beginning-of-restrike show that the pile toe capacity
increased from 30 to 90 kN. The increase might be an effect
of the pile toe being located in a 0.4 m thick sand layer, as
indicated by the CPTu sounding (Fig. 1).
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Table 3. CAPWAP®-determined capacities.

Depth (m) Condition Capacity (kN)
29 End of drive 190
29 Beginning of restrike 400
45 End of drive 260
45 Beginning of 16 h restrike 980

Table 4. Loads in pile immediately before the
start of the static loading test.

Depth below pile head (m) Load (kN)
1.3 0.00
6.5 178.10

10.1 227.30

16.9 326.10

23.9 373.50

30.9 376.20

38.0 312.30

44.9 153.30

Results of the static loading test

Initial load measurements

The loading test was carried out on 17 October 2001,
48 days after the driving and 42 days after the pile was
grouted. The first readings of the vibrating-wire gages were
taken on 17 October, immediately before the start of the
static loading test. (The vibrating-wire gages can only re-
spond to load in the pile after the grouting, so no load distri-
bution data could be obtained for the 6 day period between
the driving and the grouting of the pile. For various reasons,
no readings of the gages were taken between the grouting
and the start of the static loading test). Those first readings,
which are presented in Table 4, are calculated from the fac-
tory no-load calibration and show that loads exist in the pile
before the start of the test. However, the loads shown are not
all of the loads locked in the pile (“residual loads”) before
the start of the test. Residual loads developing from the driv-
ing and the grouting of the pile and during the period be-
tween grouting and the start of the test are not included in
Table 4. Note that even if measurements had been taken dur-
ing the curing of the grout, strain would have developed or
reduced due to temperature changes without involving any
transfer of load from the soil to the pile.

Pile head load-movement

The load—movement measurements are presented in
Fig. 5, showing the applied load versus the pile head move-
ments and versus the telltale-measured pile toe movements.
At the applied load of 1670 kN, the movements were small,
6.5 and 3.1 mm for the pile head and pile toe, respectively.
In adding the next load increment of 160 kN (to 1830 kN),
the movements increased by 3 mm. The pile failed in plung-
ing at 1915 kN load before the intended following load level
was reached. The pile head and toe movements on reaching
this load were 13 and 9 mm, respectively. The load-
movement curve thereafter showed a softening trend, as evi-
denced by the decrease in load with increasing movement.
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The maximum movement of the pile head and pile toe was
31 and 27 mm, respectively. Immediately after the unload-
ing, the pile was reloaded. The maximum load reached in
the test during the second loading was 1755 kN, 160 kN
smaller than that reached in the first loading, due to loss
of strength caused by either further pore-water pressure in-
crease or soil remolding.

Figure 6 presents the pile shortening (compression due to
the applied load) measured by the telltales for the first and
second loadings of the pile. The strain-softening response of
the soil is evident in that the slope of the unloading curve
(only the full length unloading curve is shown) is less steep
than that of the loading curve and the slope of the “mean
line” loading curve for the second loading is less steep than
that for the first loading.

It is noteworthy that very little shortening occurred in the
lower 6.45 m length of the pile. This is a sign that this
length of the pile was subjected to residual load compressing
the pile before the start of the test. (Residual load is due to
negative skin friction along the upper part of the pile which
is resisted by positive shaft resistance along the lower part).
The absence of appreciable shortening over the lower length
of the pile shows that positive shaft resistance along the
lower length and the toe resistance were fully mobilized (by
the residual load).

The maximum shortening of the pile is 4.2 mm. After un-
loading the pile, the telltale measurements show that the pile
rebounded 5.7 mm. The reason is that some of the locked-in
load has been released and, as a result, the pile rebounds by
a greater amount than it compressed in the test.

Comparison between telltale measurements and strain-
gage measurements

An approximate value of the shortening of the pile for the
applied test load can be determined from the eight strain
gages by multiplying the measured strains by the distance
between the strain gages (actually, for each, half the distance
to the one above and half the distance to the one below). The
calculated compressions for the applied loads are presented
in Fig. 7A together with the compressions measured by the
full-length telltale. The method for calculating the shorten-
ing presumes a linear distribution of strain and load as op-
posed to the more probable curved distribution, which means
that the method underestimates the accumulated strain val-
ues.

Figure 7A displays a very good agreement between the
two independent methods of determining the pile compres-
sion. This observation is reinforced by Fig. 7B, which shows
the compression calculated from the strain gages versus the
compression measured by the full-length telltale. Because
of the mentioned underestimation of the accumulated strain
value, the telltale measurements indicate slightly larger
shortening of the pile. The overall agreement supports the
conclusion that both systems of gages have provided reliable
data. Note that strain gage instrumentation is for measuring
load, and compression calculated from accumulating strain-
gage values should only be used in lieu of telltale measure-
ments. Telltale instrumentation is for measuring movement,
e.g., pile toe movements, that can be accepted within an ac-
curacy of only about a millimetre. Due to the low accuracy,
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Fig. 5. Load—movement diagram for pile head and pile toe.
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load values calculated from telltale data are at best approxi-
mate, but if lacking other means, telltale data can be used to
determine approximate values of load as averages over a
length of pile.

Comparison of strain measurements between two pairs
of gages

The doubling up of the vibrating-wire strain gages at lev-
els 1 and 8 allows a comparison between the two pairs, as
presented in Fig. 8. Very small strain values were recorded
at level 1, whereas relatively larger strain values were re-
corded at level 8, which is why two separate diagrams are
necessary to present the data. For the level 8 larger strain
values, the data plot on a 1:1 line, showing that equal strain
values were recorded by the two gage pairs. The agreement
between the records of the two pairs provides considerable
confidence in the accuracy of the strain-gage data. Due to
the small strains measured at level 1, the small error in each
value is more apparent than it is for the plot of the level 8
strain values. At small strains, the records at both levels are
slightly off from a 1:1 agreement.

Evaluation of modulus from the strain-gage
measurements

The strain values measured at gage level 8 (the uppermost
gage level) were used for determining the Young’s modulus
of the pile by means of the tangent modulus method
(Fellenius 1989, 2001). The tangent modulus method in-
volves calculating values of change-of-stress over change-of-
strain and plotting these versus strain. The method makes
use of the fact that after the shaft resistance has been fully
mobilized in the test, the subsequently measured strains are
a function of the “elastic” response to the load increments
(provided that the soil resistance is plastic and not apprecia-
bly strain-softening or strain-hardening). At level 8 (the
strain-gage location just below the ground surface), no soil
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Fig. 6. Pile compression (shortening) due to the applied load as measured by the telltales.
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Fig. 7. Comparison of pile compression (shortening) measured by the full-length telltale and compared with that accumulated by the

strain gages.
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resistance influences the values, and the calculated values
are representative for the pile modulus.

Figure 9A presents the tangent modulus values deter-
mined from the measurements at level 8. The values plot
along a horizontal line indicating a 51 GPa constant modulus
for the strain range, which is the combined modulus for the
steel and concrete. The total pile cross-sectional area is
1297 cm?, and the total steel area at level 8 is 176.2 cm?,
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leaving a total concrete area of 1121 cm?. Applying a steel
modulus of 205 GPa results in a concrete modulus at level 8
(and level 1) of 24 GPa. The 24 GPa concrete modulus is
similar in magnitude to the modulus values obtained from
the laboratory tests on the test cylinders (26, 27, and
22 GPa).

The analogous tangent modulus evaluation for the values
recorded at levels 7 and 6 shown in Figs. 9B and 9C, respec-
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Fig. 8. Comparison between pairs of strain-gage measurements at levels 1 and 8.
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tively, does not establish a modulus. This is because of three

factors:

(1) The pile is very stiff, resulting in nearly equal magni-
tude of movement at levels 7 and 6.

(2) The pile toe resistance is very small. More toe resis-
tance would have allowed measurement values beyond
the level of full mobilization of the shaft resistance.

(3) The soil exhibits a strain-softening response. As indi-
cated, for both levels 7 and 6, shaft resistance was still
building up until the next to last increment, and only the
values for the last increment established the modulus.

Distribution of measured loads

The loads determined from the strain values measured at
the eight vibrating-wire gage levels were calculated with ref-
erence to the change of strain from the start of the loading
test (i.e., as if assuming the loads in the pile to be zero at the
start of the test). These measured load values are presented
in Fig. 10 in the form of load-distribution curves showing
the load at the each strain gage location along the pile for
each load applied to the pile head. Also shown are the simi-
larly calculated loads in the pile after removing the applied
load, but for a load of 60 kN left on the pile head to keep the
jack, load cell, and spacers in compression.

The loads in the pile after unloading appear to indicate
that tension loads developed as a result of the loading test.
This is false. The tension loads are due to a release of some
of the residual load in the pile. As mentioned earlier in the
paper, this is also indicated by the rebounding of the pile to
a total length greater than its length before the test.

The load distributions of the second loading together with
the distributions at maximum load and after unloading of the
first loading are presented in Fig. 11. The reference of the
load values is the same as that for the first loading, i.e., the
strain readings at the start of the first loading. A comparison
between the distributions for the start and end of the second
loading shows that some additional increase in the “nega-
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tive” loads occurred, that is, additional residual load was
released.

As shown in Fig. 11, between the depths of 10 and 30 m,
the slope of the load-distribution curve (at the maximum
load) for the second loading is slightly steeper than that for
the first loading, indicating that the engaged shaft resistance
was smaller for the second loading as opposed to the resis-
tance for the first loading. Figure 12 shows the distributions
of apparent unit shaft resistance for the two loadings as
determined from the average change of measured load be-
tween gage locations divided by the distance between the
gage locations and the circumference of the pile. Both distri-
butions falsely suggest that no resistance was obtained be-
low about 30 m. Moreover, the small negative values in the
lowest portion of the pile measured at the second loading are
due to the release of residual load.

Distributions of residual load and true resistance

The measured load distributions shown in Figs. 10-12 ex-
clude the distribution of residual load in the pile at the start
of the test. Down to the depth of the neutral plane (i.e., the
location of equilibrium between the negative and positive di-
rection shear forces locked into the pile), the true resistance
is the measured load plus the residual load. The true resis-
tance is the fully developed positive shaft resistance along
the pile. When the residual load is due to fully developed
negative skin friction down to the depth of the neutral plane,
the true resistance is half the apparent resistance and is eas-
ily calculated from the measured loads. The details of the
method are presented by Fellenius (20024, 20025, 2002c¢).
The construction of the so-determined distributions of true
resistance and residual load are shown in Fig. 13. The dia-
gram includes the loads determined from the gage readings
taken immediately before the start of the test.

The distributions of true resistance and residual load can-
not be determined as easily below the neutral plane. In a
uniform soil, however, as in the current case, the assumption
can be made that the conditions for the true resistance in the
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Fig. 9. Tangent modulus versus strain: (A) level 8 strain-gage measurements, (B) level 7 strain-gage measurements, and (C) level 6

strain-gage measurements. E, tangent modulus.
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soil above the neutral plane prevail in the soil below the
neutral plane, and the distribution of true resistance can be
extrapolated to the toe of the pile. This extrapolation re-
quires matching the three curves in an effective stress analy-
sis.

An analysis assuming the residual load to be due to fully
mobilized negative skin friction in equilibrium with fully
mobilized positive shaft resistance with a very short transi-
tion zone constitutes upper boundary conditions. A lower
boundary distribution can be determined from referencing
the “zero” strain readings at the start of the test to those of
the factory calibration of the “no-load” condition. However,
this distribution includes the effect of curing and tempera-
ture of the concrete grout which is unrelated to the shear
forces along the pile—soil interface and results in an underes-
timate of the residual load distribution.

The calculation results based on the upper boundary con-

ditions are presented in Fig. 14. The agreement (match) with
the measured loads is obtained from a curve fit using a beta
coefficient of 0.7 in the upper sand layer, which is a reason-
able value for a sand, albeit somewhat high, and a beta coef-
ficient of 0.07 throughout the clay, which is an extremely
low value. The match also results in a toe coefficient, N,,
equal to 15, which conflicts with the low beta coefficient for
the clay. Therefore, the true shaft resistance is in all likeli-
hood larger and the toe resistance smaller than what is indi-
cated by the upper boundary calculations. It is obvious that
the assumption of fully mobilized residual load acting on the
pile before the start of the test is only valid along the upper-
most and lowermost lengths of the pile, that is, the transition
zone must be long. A more probable distribution of residual
load in the pile is determined as follows.

It is likely that nearly fully developed negative skin fric-
tion existed in the upper portion of the sand and that nega-
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Fig. 10. Measured load distributions for the first loading with
loads in relation to readings at start of test.
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Fig. 11. Measured load distributions for the first and second
loadings combined.
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tive skin friction was only partially mobilized in the clay
above the neutral plane. Below the neutral plane, however,
the lack of appreciable shortening and strain in the lower
length of the pile means that the positive shaft resistance
was fully mobilized along the lower length of the pile before
the start of the test. Therefore, the uncertainty of the degree
of mobilization of negative skin friction lies between the
depths of 10 and 30 m.

For a conservative estimate of the probable distribution,
negative skin friction was taken as equal to the amount re-
leased after unloading the pile in the zone from the ground
surface to 10 m depth. From this depth, however, only mini-
mal residual shear forces (negative skin friction and positive
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Fig. 12. Distribution of apparent unit shaft resistance.
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Fig. 13. Beginning of construction of the distributions of maxi-
mum true resistance and residual load (fully mobilized negative
skin friction is assumed).
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shaft resistance) are assumed to exist until about 30 m depth,
below which fully mobilized positive shaft resistance obvi-
ously exists. The corresponding distribution of residual load,
“probable distribution,” is shown in Fig. 15. Figure 15 also
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Fig. 14. Results of effective stress calculation assuming fully
mobilized residual load.
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includes the load distribution per the measurements at the
start of the test and the load distributions after unloading
from the second loading of the pile. The load distribution at
the end of the second test shows that the loading and unload-
ing removed about two thirds of the residual load present in
the pile at the start of the test per the probable distribution of
residual load. It is obvious that the factory “no-load” condi-
tion, that is, the load distribution measured at the start of the
test, underestimates the residual load in the pile by a broad
margin.

Figure 16 presents the distribution of residual load, mea-
sured load, and true load in the pile. (For comparison, the
upper boundary distributions of residual load and true resis-
tance have been added to Fig. 16). The true resistance distri-
bution is obtained by adding the residual distribution to the
measured distribution. Matching the true resistance distribu-
tion in an effective stress analysis results in beta coefficients
in the sand of 0.8 above 5 m depth and 0.7 below. In the
clay, the beta coefficients are 0.15 at 9 m depth and 0.07 at
the pile toe level at 45 m depth. The maximum toe resistance
is small. The toe coefficient, NV,, is 6 and it is likely that the
presence of the sand layer at the pile toe has had no streng-
thening effect. The values in the clay are very small, but
equally so for both shaft and toe coefficients.
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Fig. 15. Comparisons between distributions of residual load.
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Other observations from the loading test

Distributions of resistance in the pile determined by
total stress and CPTu methods

The alpha method is used by many to estimate the capac-
ity of piles driven into cohesive soils. For soft clays, such as
those occurring at the project site, the customary alpha value
would have been 1.0. However, an alpha value of 0.44 is
needed to match the capacity from the loading test to the un-
drained shear strength values.

The capacity of the pile was also compared with the
capacity determined from the CPTu. The CPTu results pre-
sented in Fig. 1 show that very large pore pressures devel-
oped during the penetration of the cone. It is necessary to
consider this when using the CPTu data in the calculation of
pile capacity. Figure 17 presents the results of a calculation
using the method proposed by Eslami and Fellenius (1997).
For reference, Fig. 17 also includes the distributions of
measured load and the effective stress calculation of the re-
sistance. The agreement between the two methods of deter-
mining the resistance distribution is very good, but may be
coincidental. However, because the U2 pore pressures were
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Fig. 16. True load distributions after correction for residual load
with resistance distributions for fully mobilized residual load and
probable distribution of the residual load.
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very high and as they are explicitly incorporated in the ca-
pacity estimate from the cone, the CPTu estimate may have
been the first warning of the low capacity of the pile.

Pore pressures measured during the pile driving and
the static loading test

During the static loading test, the pore pressures in piezo-
meters installed at a distance of 1.2 m away from the test
pile (depths of 13.7, 16.8, and 29.2 m) were continuously re-
corded. The measurements are presented in Fig. 18. The re-
cords indicate that a slight increase in pore pressure
occurred during the test as compared with values before the
test. Fig-ure 18B shows the relative increase of pore
pressures during the test. The measurements show that the
small movement of the pile, about 10 mm, in relation to the
soil generated pore pressures of about 5 kPa.

Although the relative increase in pore pressure is small,
the authors did not expect that the small movement of the
pile, in particular during the unloading and reloading of the
pile, would have a measurable effect as far as 1.2 m from the
pile. The low beta coefficients were applied to the effective
stresses based on an overall pore pressure distribution at the
site. It may be argued that the pore pressures next to the pile
surface increased before the maximum shear was reached in
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Fig. 17. Estimated true resistance distribution according to the
Eslami-Fellenius CPTu method and according to measured re-
sults adjusted for residual load.
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the static loading test, thus reducing the effective stress near
the pile surface. Had it been possible to consider such an in-
crease in pore pressure and coupled decrease in effective
stress, the back-calculated coefficients might have been
larger and more in line with values expected in clay. Were
this true, however, the shaft resistance along the lower 15 m
length of the test pile would have reduced as the test pro-
gressed and shown a negative load; no such negative load
was measured.

Results and conclusions

The results of the static loading test on the 45 m long in-
strumented pile are summarized as follows.

(1) The clay at the site is brittle and strain-softening, requir-
ing special attention and consideration in geotechnical
design of structures in the area.

(2) The clay at the site provides very small pile shaft and
toe resistances.

(3) The restrike testing demonstrates a setup that develops
surprisingly fast.

(4) The test pile is affected by residual load. Because the
pile was constructed by driving a steel pile that was
grouted after the driving, the residual load developing
before the concrete grout had cured could not be mea-
sured. However, the magnitude and distribution were
estimated to be larger than those indicated by the values
of locked-in load before the start of the test (from refer-
ence to the factory calibration of the strain gages) and
smaller than those corresponding to fully mobilized
shear forces along the pile.
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Fig. 18. Pore pressures measured during the static loading test in the piezometers at 1.2 m away from the test pile.
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(5) Consideration of compatibility between toe resistance
and shaft resistance resulted in a distribution of residual
load that includes almost fully mobilized negative skin
friction down to 10 m depth and fully mobilized posi-
tive shaft resistance below 30 m depth, with minimal
transfer of load between the pile and the clay from 10 to
30 m depth. Combining the probable distribution with
the distribution of measured load determines the true re-
sistance distribution for the test pile.

(6) The back-calculated effective stress parameters corre-
sponding to the resistance distribution are beta coeffi-
cients of about 0.8 in the sand layer and 0.15 at the
upper boundary of the clay layer, reducing to 0.07 in the
clay layer at the pile toe. The pile toe coefficient is 6.

(7) The low beta value of about 0.1 is a unique characteris-
tic of the geology of the area.

(8) The effective stress parameters back-calculated from the
results of the “old test” of 1980 are similar to those
found for the current test pile.

(9) Comparison between the results from the old test and
the current test should consider that the “old” piles were
tapered and more axially flexible than the current test
pile.

(10) The effective stress parameters established from the re-
sults of the static loading test also apply to other piles at
the site with diameters and embedment lengths that dif-
fer from those of the test pile.

(11) The effective stress parameters established from the test
are low. The results of the laboratory tests also indicate
a brittle, strain-softening behavior of the clay. The soil
conditions at the site are unusual, and conventional anal-
ysis methods may not adequately model the soil re-
sponse to loading.

(12) For calculation of the capacity of other piles at this site,
the CPTu method coupled with an effective stress analy-
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2
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o 3 / s
c
L3 .
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g 2 — 4
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S end of Test

1 4

A
[
0 *

0 1 2 3 4 5 6
Hours Elapsed after Start of Testing

sis using a beta coefficient of 0.1 and a toe coefficient
of 6 in the clay is recommended.

(13)1t is clear from the low beta values recorded during the
loading test that pile capacity estimates for this site us-
ing conventional methods would not have been very ac-
curate. If no pile loading test had been undertaken,
production piles would have been selected on the basis
of much higher shaft resistance values. Dynamic testing
at the beginning of production pile driving would then
have identified a clear discrepancy between design and
actual condition. Very quickly it would have been con-
cluded that more piles were needed, and a large change
order for the project would have resulted. Fortunately,
the uncertainty in soil behavior was recognized early in
the project, and this led to performance of the test dur-
ing design, a situation that is always desirable but usu-
ally does not occur in practice, more often than not
causing a capacity problem that is not realized until af-
ter the start of production pile installation.
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