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Deep Foundations on HP Piles
~ State-of-the-Art

introduction

The obiective of this handbook is to discuss briefly the
state of the art in assessing the bearing capasity,
drivability, load testing, and the execution of deep
foundations by means of HP steel piles.

The engineer designing this type of foundation must
inquire into and follow up on site the following questions
which wili be discussed in detail in this publication:

- subsoil  investigations must provide sufficient
geotechnical information to calculate the bearing
capacity of HP piles and enable a decision to be made
on how to install them;

— the design of the HP piies. The calcuiation of the
bearing capacity based on French regulations, and a
broad general view of methods used in other countries
are given.

~ piling forecasts. Driving forecasts, which nowadays
simulate driving by the use of computer software,
allow driving curves to be drawn, as well as providing
advice on the chaice of the driving system and an
estimate of the stresses in the steel section;

— checking the pile installation by means of driving
recards or by instrumentation of the pile being driven,
as well as by static and dynamic tests;

- the common methads of piting by impact or vibration.

1. Geotechnical investigations

The hydrology and geotechnics of the site must be
ascertained before a foundation can be designed.

Subsoil  investigation procedures vary in  different
countries because of the techniques used and the
problems to be soived. However, certain common
elementary criteria help to achieve a rational foundation
design and to ensure safe instaliation.

The engineering design of stee! piles, whether driven or
vibrated, includes both the dimensioning of the pile and
the choice of pile driver as well as the piling method, and
is justified by:

e an assessment of the maximum axial bearing capacity
of the pile,

e a piling forecast, based on the resistance of the soil to
the penetration of the pile,

e an analysis of the pile bebaviour under axial and
possibly fateral loads.

To arrive at these estimates, the geotechnician must
know the precise:

# stratigraphy throughout the site,
o fype of ground penetrated,

@ physical and mechanical properties of the soils in
place.

The information should be available for a depth greater
than the embedment of the pile so that the soil quality is
known throughout the pite length as well as beneath #s
toe.

Continuity of the subsoil investigation is especially
important for driven or vibrated piles. The presence of a
hard layer only a few decimetres thick, undiscovered by
the soil investigation, can cause great difficuity in driving,
such as damage to the pile toe or premature refusal.

A well-designed geotechnical investigation should
include two types of borehole: cored holes and holes
drilled for in-situ tests. The number and spacing of the
holes depend obviously on the size of the site and its
geological complexity.

The cored holes are useful for identifying and describing
the ground. Undisturbed samples are taken and
submitted to laboratory tests. Their physical properties
are measured (water content, plasticity index, grain size,
etc ), as well as other parameters (cohesion and angle of
friction) and certain other mechanical properties useful
for estimating sofi strength and deformabiiity. All this
information is written into the borehole record or log
{Fig. 1.

The in-situ tests vield some direct parameters of
deformation and/or resistance of the soil in place, in
order to estimate loading variables and build up a
model of the behaviour under transverse lpading of a
deep foundation. This information is helpful and often



indispensable for the design and calculation of a deep
foundation because, combined with the tests on
samples, any disturbance to the soil caused by drilling for
and transport of the samples can be disregarded.

Although no ideal, universai in-situ test exists, certain
tests are suitable for resolving particular problems in
given soiils. Most in-situ tests have standardized
procedures which must be followed strictly.

The static penetration test (CPT or Cone Penetration Test)
is the most suitable for the engineering design of driven
piles but is less suitable for compact gravels, calcareous
marls or other hard cemented soils. On the one hand, it
provides a continuous record of the soil resistance; on
the other hand, as it simulates the driving of a pile info
the ground, it provides information about two parameters
~ the toe resistance g, and the shaft friction Qgy. These
can be used directly in calcutating the loadbearing
capacity of the pile {Fig. 2.

The dynamic penetration test not only provides more
effective penetration but also produces a continuous
record of resistance. However, the information obtained -
the dynamic toe resistance R, - is less easy 1o use
directly in foundation design.

‘The SPT (Standard Penetration Test) provides a semi-
continuous record of the number of blows N needed to
drive a standarg core barrel of 30 cm diameter into the
ground (Fig. 2). It is widely used in the USA, less in
Europe. Other tests have only kmited use (for example,
the vane test in soft clays) or are even more limited in
application (such as the Marchetti dilatometer or the
selfboring pressuremeter).

The pressuremeter produces two resistance parameters
- the limit pressure py and the creep or flow pressure py,
and a deformation parameter — the pressuremeter
modulus Epy (Fig. 3). Rigorously careful testing is needed
to obtain pressuremeter parameters of high quality. These
data can be used directly for calculating the bearing
capacity of piles, but as the tests are discentinuous, the
resulis cannot be guaranteed as being representative in
the case of stratigraphically variable soils. Continuous
recording of the drilling parameters partly overcomes this
handicap and should be systematically performed.

The pressuremeter test is the most widely used in-situ
test in France, but is seldom used abroad.

2. Engineering design

2. Bearing capacity of HP piles

The ultimate bearing capagcity of piles in the most general
way is:

Q= gp - Ap * g - Agi
in which

Q, = ultimate capacity or capacity at failure. It is
theoretically defined as the axiat ioad applied at
the head of the pile, which causes it to sink an
unlimited amount. In practice, it is the axial load
which causes the pile head to sink by at least one
tenth of its diameter or by a tenth of the width of
an HP pile.

p = Cross section of the pile at its toe,

Agi = lateral contact surface of the pile with the sail in

layer i,
9p = the unit soil resistance under the pile toe,
fsj =  the unit shaft resistance in layer i.

The permissible load is deduced from the ultimate
bearing capacity by introducing safety factors. Two types
of regulation are applied in different countries and
different types of structure:

e regutations based on permissible stress: the
permissibie stress is determined from the ultimate
bearing capacity by applying an overall safety factor
(AP Standard RP2A, or British Standard 8004);

o reguiations based on partial safety factors for load and
soii resistance: the combinations of loads with
weightings appropriate to the structure are compared
with the values of weighted soil resistances (Fascicule
62 — Titre V, Eurocode 7).

The methods of calcuiating the ultimate bearing capacity
do not provide any idea of the safe load and can therefore
be investigated independently of the relevant regu-
lations. However, we should remember that while certain
methods are accepted by most of the regulations, others
are less widely recognized.

HP piles have particuiarly complex geometry. For this
reason it is hard to determine the precise rupture surface
and thus to assess the values of A, ~ the effective area of
the point of the pile, and Ag — the lateral contact surface
between pile and soil.

An HP pile penetrates the soii:

® either as a knife blade: in this case the steel enters the
soil by simply shearing it and the rupture surface
develops in the steel-soil interface;

e or by the formation of a soil plug: in this case a mass of
compressed soil within the flanges of the steet sticks to
the pile duting driving; the rupture surface develops
following a complex line depending on soii-steel as
well as scil-sail friction. We should say that the pile is
completely plugged when the rupture surface is
equivalent to the rectangie circumscribing the pile. In
any intermediate situation we would say that the pile is

partly plugged.

The same sort of behaviour is noted when an HP pile is
loaded statically to failure. But there is nc direct relation
between driving behaviour and long term behaviour; for
example, a pile can be driven unplugged , but after some
time may develop a plug.

Plug deveioprment depends on three factors:

s the type of loading: static, dynamic, compressive,
tensile;

e the type of soil: eg dense sands favour plug formation;

s pile geometry: plugs develop more easily on piles with
a narrow web.

Several experimental series have been run on actuat piles
in diffferent soits. This programme, supported by the EC
fEuropean Community]l, has brought better under-
standing of these phenomena.

Thus the French regulations for Government contracts
{Fascicule 82 — Titre V, r&f. [1]) recommend considering
the pite {Fig. 4):



# as unplugged when calculating shaft friction,

@ as partly plugged when calculating the toe load by
applying to the whole plug cross section a reduction
coefficient of 0.50 for ¢lays and 0.75 for sands.

Generally speaking, we strongly recommend consi-
deration of the various probable kinematics of failure in
each case, but using only the most unfavourabie results
for the solution.

The values of the unit stresses g, and {5 are functions of
the type of soif under consideration, of the state of stress
at the level considered and of the re-shaping occasioned
by installing the pile.

When in-situ test results are obtainable from the CPT or
pressuremster, the load and skin friction can bhe
calculated according to the French Fascicule 62 — Titre V
{ref. [1). A more detailed calculation method, based on
CPT test results, is shown in Appendix 1. The assump-
tions concerning toe cross section and perimeter are
shown in Fig. 4. This method alsc aliows for the
assessment of the capacity of piles with laggings
attached at a given level.

A method of calculation using the SPT is proposed by
Meyerhof mainly for granular soils. This method is based
on a correlation between the penetrometer toe resistance
and the number of blows N in the SPT,

Qe = 400 - N (kPaj for sands.

The ultimate bearing capacity in kN is given by:
Qy =400 N-Aj+2-N - Ag

in which

Ap = cross-section of pile {m?),

Ag = shaft area of pile {m?2),

The value 2 - N’ comes from a correlation with the CPT
values:
U N’
o= = 400 —— = 2 - N
5 200 200
For saturated fine sands with values of N > 15, the
following reduced value of N {Nyg) is substituted for N:

Nred = 15 + 0.5 - (N — 15)

If, however, only laboratory soil test results or inadequate
in-situ test results are available, we give below some
guidelines for values obtained from international
technical literature that are widely accepted. Of course,
these values should not be substituted for those imposed
by the regulations. The geotechnician should also make
use of his judgement and experience as an engineer.

In clays the toe load and the unit skin friction at failure can
generally be expressed by:

qQ:—MNC'CU
fs=a.-Cu.
in which

G, = undrained cohesion of the layer under consideration,
Ng = bearing capacity factor taken as equai to 9,
« = steel-soil adhesion factor.

In the case of driven stesl pites, the steel-soil adhesion
factor under static load is generally between 0.5 and 1:
this diminishes with increase of the undrained cohesion.
The curves of the adhesion factor as a function of the
undrained shear strength C; currently recommended in
international regulations, are given in Fig. 5. Assuming
soil-soil shear as can exist throughout the length of a
piugged or partly plugged HP pile, the factor « is
obviously equal to 1 throughout the surface of rupture
concerned.

Ny +Np In sands and gravels it is generaily accepted that below a
N = Py certain critical depth expressed as a multinle of the
where- diameter or of the width of the foundation, the toe load
re. and the unit shaft friction increase up to what is termed
Ny = the smaller of the values of N averaged over 2 an ultimate value.
diameters under the pile toe, calculated or The ultimate toe load and skin friction values increase
measured in the immediate neighbourhood of the with the scil grain size and its density. Five main classes
pile toe. are usually considered and Tabie 1 summarizes the
_ ; . American regulations (according to APt RP2A, 1989,
No = average of N over 10 diameters under the pile toe. ref [2]). The values are close to those of Fascicule 62 —
N' = average of N along the pile shaft. Titre V (ref. [1] £3]). and they are summarized in Figure 6.
Class Type of soil and its density Ultimate base Ultimate skin friction,
resistance, apl, (MPa) fsl, {kPa)
i Very loose sand 2 50
Silt and loose sand — Medium dense silt
H Loose sand 3 65
Silt and medium dense sand ~ Dense silt
H Mediurn dense sand — Silt and dense sand 5 80
N Dense sand ~ Siit and very dense sand 10 100
vV Dense gravels - Very dense sand 12 120
Table 1:

Ultimate values for base resistance and skin friction in siliceous granular soils {according to AP| RP2A, 1989)



The availability of in-situ test results (especially the static
penetrometer base resistance, gg), together with the
experience of the geotechnician, ensure the right
decision on whether to use or to change these values
whenever necessary.

In the American regufation for offshore plling APl RPZA,
the ultimate values from Table 1 are applicable when the
depth is more than a critical depth, ie around 20 to 30 m.
For depths between 0 and the critical depth it is
necessary to interpolate linearly for g and fg between
the value 0 at the surface and the ultimate values of gy or
fg). Knowing that this critical depth is about 20 times the
smallest dimension of the piles generally used for
offshore foundations, it would be legitimate to consider
limit vaiues for HP piles to be at depths of 5 to 8 m.

This practice differs from the French regulation (Fascicule
B2 — Titre V), which considers that for any given soil the
ultimate values apply from the surface, provided that the
foundation is desp. A foundation is considered deep
when its penetration depth g, as defined in Fascicule 62
- Titre V, is more than five times its width.

In unsaturated soils it can be advisable to neutralize or
reduce the friction for a certain depth from the head of the
pite s0 as to bring into consideration the separation of the
soil within the flanges during driving. This reduction is
made whenever needed for a height equal at the most 1o
five times the smallest dimension of the pile.

in rocky soils wherever driving is possible (marl, chalk),
the level of unit friction has a limit as for sands, The
ultimate vaiues recommended in Fascicule 62 — Titre V
{ref {1]) are shown in the diagram in Figure 8.

The different methods of caiculation described in this
section are iliustrated by simple examples in Appendix 2.

2.2 Pile load tesis

It may be essential during the early conceptual stage of
the foundation system to perform static load tests and for
the following reasons:

e contracts and regulations: several regulations make a
static test virtually obligatory where foundation design
calculations have to be approved,

e engineering factors: a load test may be needed when

— the mechanicai properties of the scil are not known
or uncertain,

~ the available methods of calculation for the bearing
capacity give divergent results,

— the structure has a large number of piles, thus
calling for optimized design.

In the case of large structures or those with significant
variations in soil properties, several iests may be
contemplated.

A detailed geotechnical investigation can never be super-
seded by preliminary tests. On the contrary, the purpose
of these tests is to obtain accurate geotechnical values
for the parameters controlling pile behaviour including the
resistance 1o, and the displacement of the piles.

To be useful, load tests must be carried out early enough
in the project conception stage for their results to be used
to optimize the project. They should be representative,
which means that they should be made on a pile of the
same type and dimension as those proposed for the

foundations, and the pile installation method should be
the same.

The static load on the pile should be such as to apply
similar loads (tension, compression, eic.) t¢ those carried
by the final structure. 1t is always essential to keep strictly
to an accepted operating method.

Where preliminary static tests could optimize foundation
costs, for instance with numerous pites and variable
stratigraphy, it can be helpful to use strain gauges or
extensometers. The measurement system should make it
possibie to estimate the load distribution between toe
and shaft as well as the distribution of friction along the
shaft. This sort of information reinforces validity and
enables the test resuits to be extrapolated with
considerable reliability to other piles in the structure.

2.3. Design stresses in the pile

The stress in the stee! under siatic ioad should be limited
to a fraction of the steel’s elastic imit oy,

Fascicule 62 — Titre V (ref. [1]} defines the design stress,
called the design yield stress ogq. a3t

i
Y]
Sed 155" 08
for the ultimate limit state (ELU), and  ©gq = o, for the
combined accidental limit state.

This limitation is less conservative than that normally
allowed in Anglo-Saxon regulations for open tubutar steet
pites driven offshore or in harbour work, for which

1
Gall = g Je

for the ELU combination.

Recery tests in Hong Kong have confirmed that HP piles
can carry stresses of this magnitude. It follows therafore,
that apart from piles driven to rock, the bearing capacity
of HP piles is generally limited by the sofi resistance and
not by the steel properties.

2.4. Corrosion

For underground exposures, it has been shown by
extracting steel elements that ,the type and amount of
corrosion observed on the steel pilings driven into un-
disturbed natural soil, regardless of the soil characte-
ristics and properties, is not sufficient to significantly
affect the strength or useful life of pilings as load-bearing
structures” (ref [8)). For practical purposes, a corrosion
rate below 0.005 mm/iyear can be assumed here.
Moderate corrosion may occur on piles exposed to fill
s0ils above the water tabls or in the water table zone. In
non aggressive fills, corrosion rates between €.005 and
0.010 mm/year may occur.

For piles installed in fresh, uncontaminated water, a
corrosion rate of 0.01- 0.02 mm/year can generally be
assumad for asessing long term loss of thickness.

The parts of the piles exposed to the atmosphere are
generally subject to low corrosion. Additionally, these
areas can be inspected regularly and protective
measuras taken if necessary. Corrosion rales below
0.01 mm/year are valid in normal circumstancsas whereas
values up 1o 0.03 mmiyear may be reached in potluted
industrial atmosphers.



The risk of corrosion is more serious, however, for piles
in direct contact with polluted and/or sea water. Here,
long term corrosion rates may vary in average from
0.16--0.15 mm/year in the main attack zones (spiash zone,
slightly below mean low water level) depending on local
conditions., Below these critical zones, corrosion is
generally less than 0.08 mm/year.

The commeonest way of dealing with corrosion in areas of
slight to moderate corrosive attack is to aliow for an
increase of steel stress at the end of fife time or to provide
an extra thickness of stesl.

fn very special and rare cases, when the corrosion risk is
censidered high enough in relation to the life of the
structure, several anti-corrosion measures may be
foreseen, such as:

» the application of a coat of paint or galvanizing, ets.;

& cathodic protection by induced current or sacrifical
anode, etc.;

e wrapping the wvulnerable upper part of the pile in
concrete or impervious mortar. It can be assumed that
a continuous mortar or cement grout coating, 5 cm
thick, is a good protection if it consists of at least
500 kg cement per cubic metre and the water: cement
ratio is below 0.5.

One special case af corrosion can be induced by electric
currents in the sail. Alternate current does not atlow for
the creation of stray effects. Only direct current is criticat,
As an example, steel structures next to railways operating
under direct current may be influenced in areas where the
rail is negative against the soil. Here, the structure
becomes anode and the current exits in this zone,
subjecting the stee! element to electrolytic corrosion.
Protection against this type of corrosion is derived by
isolating the electric source and/or the electric conducts
against the soil. Scils with high resistivity and the
separation of the rails from the soil by isolating ballast as
well as a good conductivity of the rails themseltves offer a
passive protection against stray currents. Active pro-
tection can be achieved by polarized drainage which
consists in deviating intentionally the direct current from
the railway to the steel structure. Precise procedures can
be found in nationat railway regulations such as ref [4].

2.5. Driving forecasts

The purpose of a pile driving forecast is to;

e decide on the pile material and the means (diesel,
hydraulic) of installing the pites, as well as the size of
pile driver;

# check the agreement between, on the one hand, the
energy needed to overcome the soit resistance and, on
the other, the integrity of the pile; the steesl cross-
section must be adequate to allow enough energy to
be transmitted o the toe, and the dynamic stresses
must not be so largs as to damage the head or the tos;

@ establish criteria to decide on when to stop driving; this
concept will be discussed in more datail later.

The driving forecast must form part of the engineering
design of the foundations. This idea may be relatively new
for civil engineering on land but is common practice
offshore. Forecasting methods are by now sufficiently
well tested to be treated systematically and in detail,

An investigation of pile driving includes three distinct but
complementary stages, iliustrated by Figure 11:

e estimation of the soil resistance to driving {Fig. 11a),

e simulation of the hammer-pile-soil system using
computer programs {Fig. 11b),

s combination of the two previous stages into curves
which form the driving forecasts (Fig. 11c).

A detailed description of the successive stages of the
driving forecast is given in Appendix 3 of this report.

2.6. Refusal criteria for pile driving

An engineering design of pile driving generally inciudes
decisions on refusal criteria.

In the current state of knowledge of the static and
dynamic behaviour of subsoil, one cannot guarantes the
static load capacity of a pile on the basis of its dynamic
behaviour alone. The idea of a refusal criterion should
therefore be handied carefully and the assumptions
expressed in exact terms,

Generally speaking, the contractual embedment of a pile
is assessed from the static resistance of the soil. Such
data depend on the results of the geotechnical investi-
gation and previous load tests. it is clear that these data
are obtained at the precise locations of drill holes or plies
under test.

A driving forecast as described in Section 2.5, should be
undertaken in parallel, to estimate the maximum number
of blows called for by these data.

At or near a drill hole, pile driving should continue untii the
pile penetrates to the depth required by the static
caitculations. If the expected maximum number of blows
is exceeded before the required penetration, this would
be an indication of dynamic behaviour which is  better”
than forecast, On this basis and in case of premature
refusal, the pile behaviour should be re-analysed in the
light of the new information cbtained by driving.

The conclusions may lead either to final acceptance of
the pile or to renewed driving with a heavier hammer.

Refusal criteria are needed for large contracts and for
pites located away from boreholes or where there is a lack
of the necessary geotechnical information. These criteria
should allow projected penetrations to be adapted to the
particular site conditions, allowing for variations in
stratigraphy and the mechanical behaviour of the ground.
Based on data from driving nearby boreholes, the criteria
shouid include factors permitting to stop the driving, such
as the set per biow, the energy supplied by the hammer,
and the minirmum acceptable penetration.

In this way, the refusal criterion as described separates
the idea of static loadbearing capacity from that of
reststance of the soil to driving.

2.7. Pile-driving formulae

Driving formutas are semi-empirical expressions which,
for a given hammer and pile, relate the set of the pile
under a hammer blow to the dynamic resistance in the
soif. Refusal is defined in the same way as the penetration
of the pile under the hammer blow; it includes an elastic
part and a piastic part coresponding to the true
downward movement of the pile in the ground. The
dynamic resistance is the resistance by which the soil
opposes the downward movement of the pile. it is a
function of the downward speed of the pite and should
not be confused with the static resistance of the pile.



As a matter of principle, the purpose of such a tool should
be firstly, to determine the size of hammer needed o
drive the piles and secondly, to determine from what ievel
of penetration per blow the expected resistance of the
pile is reached and thus to establish a refusal criterion in
its traditional sense. In reality, as discussed in Section
2.6., the idea of refusal criteria must be treated with care
because of the fundamental difference between the
dynamic resistance to driving and the long-term static
resistance of the pile.

There are many piling formulae; the Dutch formuia,
Crandall's formula, the Delmag formula {for diesel ham-
mers only), and Hiley's formuia. By way of example,
Hiley's formula is often used and is morecver not
confined to any particular type of hammer:

H~ Wr+ed. W
R = : r AL )
s +-5(C1+Cp+Cy) Wy + Wp
in which:
Ry = total dynamic resistance to driving,
E, = nominal energy of the hammer {data from the
manufacturer),
f = efficiency of the hammer,
s = set of the pile per blow,

Cq. Cp, Cag = elastic compression of the dolly, the pite
and the soil respectively,

W, = weight of the ram,

Wy = weight of the pile,

e = coefficient of recovery.

Although the formula seems sophisticated, it shouid he

considered with caution. Obviously driving formutae are
simple to use but their rationale is incomplete.

Driving formulae should not be used to establish refusal
criteria uniess the properties of the soil and the hammer
have been confirmed by a previous pile test.

Driving formulae can be useful for checking the size of a
hammer or can be used during driving to compare one
pite with another.

3. Monitoring pile driving

Pile driving is inspected normally by the content of driving
records for each pile, which shouid caontain:

e the pile number and its location,
e the pile description,

# the hammer description:
~ type, size, weight,
- weight of the ram,
-~ type of dolly,
— maximum stroke of ram,
- nominal energy of the hammer;

e the driving data:

- driving speed, blows/mn (diese! hammaer),
- number of blows per 25 or 50 cm penetration,
- stoppages or incidents during driving.

The number of blows per unit of pensetration should
preferably be recorded throughout the driving. i not it
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must at least be recorded at the approach of the design
driving depth and just before driving is stopped.

This minimum information, reguired by current
regulations, is not always enough for true quality control
of the installation of the piies.

On large jobs or on sites where piling may be risky, some
piles should be instrumentead.

3.1. Dynamic measuremenis during pile driving

The instrumentation and monitoring of piles during
driving, is based on:

e instruments on the pies which measure the
accelerations and stresses in the pile head at each
blow of the hammer (Fig. 12a);

e an analysis in real time of the data from high-quality
programs which indicate essentially (Fig. 12b}:

- the maximum stresses in the pile,
— the true energy delivered to the pile by the ram,
- the total soif resistance under gach hammer biow;

e a detailed analysis in due course of the recordings
using simulation programs which provide information
about the behaviour of the pile-soll system during
driving.

Systems of this kind provide the engineer in charge at any
moment with information which is fundamental for deter-
mining (Fig. 12c):

# the risk of damage to the pile when driving through
hard or heterogeneous layers;

e the operation of the hammer and its true efficiency
compared with the value used in the forecast;

e the increase in the dynamic resistance during driving.

information about these data on site is extremely useful
in the event of premature refusal. It provides the geo-
technician with what he needs for:

» estimating whether the refusal is due to stronger soil
resistance than expected or to faulty operation of the
hammer;

e deciding whether to accept the pile at the level of
refusal or to put expensive replacement procedures
into operation, ie ordering a more powerful hammer,
strengthening the pile by injecting cement growt or
welding on reinforcing plates, and so forth.

In practice, the use of pile monitoring is justified in the
following instances:

e the need to pass through an identified layer of stiff soil
{sandstone, calcareous mari and the like);

e the risk of premature refusal, with insufficient
performance data on the pile hammers available;

# inadequate geotechnical information and related
uncertainty of final static bearing capacity of the piles;

e a site with local variations in stratigraphy or mechanical
properties of the soij;

& a site with a very large number of piles.
The number and layout of the instrumentad piles depend

obviously on the probiems io be solved and the size of
the foundation contract,



3.2. Static load tesis

One or more static tests can be contractually imposed
and should verify a posteriori that the piles instalied have
a bearing capacity at feast agual to that required by the
contract.

The load tests can be performed:

e on piles specially designed for the purpose, which will
therefore be tested fo failure.

e on foundation piles which are part of the final structure.
In this case the static test need not continue until
failure. Indeed, the application of a test load not
exceeding 150% of the permissible load is enough to
evaluate correctly the performance of a pile.

Most piles are not instrumented and measurement of the
displacement of the pile head in reiation to the applied
load may be sufficient, but it is important that the loading
procedure is followed strictly.

3.3. Dynamic load tests

The use of static loading tests on piles is an expensive,
laborious job, the main problem being to find a reaction
device.

it is therefore particularly desirable to find a dynamic load
test which gives information about the static load
capacity of the pile. This is difficult because there is no
direct relation between dynamic and static load capacity.

The method in most common use was developed in the
USA and is known as the Case method. It is based on
measurements on the pile head of two time-based
variables {Fig. 12a):

@ the impact force,
s the velocity of the particles in the pile.

The instrumented testing during driving and dynamic
testing of the pile after driving do not have the same
purpose and take place at different times of pile
installation:

e dynamic measurements during pile driving aim to
supply the informaticn needed to guarantee the quality
of the instailation;

e dynamic load testing occurs after the installation of the
pite in a redriving stage and requires only a small
number of hammer blows. lts purpose is to estimate
resistance to driving after the soil has recovered. This
value can help when assessing the bearing capacity of
the pile.

The total resistance of the scil to penetration of the pile is

given by:

A z% (Fit) +F(t + _255:)]«}% ZV(Y - wu%[:)}

in which,

|
=
I

force measured at instant t,

Vit} = particle velocity at instant t,

L. = total length of pile below gauges,
¢ = wave speed in steel,

Z = impedance of the pile

= —mEC— where m is the pile mass.

The function R{) has a maximum R, which is the total
maximum resistance under the impact,

It is accepted that the total resistance R consists of;

e one component R, independent of the particle
velocity, which corresponds to the static resistance (for
v = () of the pile at the moment of impact,

# and a second component Ry which is a function of the
particle veiccity, which corresponds to the dynamic
resistance and is expressed as:

. mc

in which,
i = damping factor,
Vi, = particle velocity at the pile toe.

The value R, is given by:
Ry=R-Ry
It is a function of the damping factor chosen. This factor

can vary in the range 0.1 < j <0.8 (s/m) according to the
soil type.

The use of the Case method invoives:

e instrumenting the pite head and treating the data with
equipment and methods very similar o those used for
the instrumentation in monitoring pile driving;

# using a driving system able to develop enough energy
to displace the pile toe.

Representative results are obtained only with extreme
rigour in the test procedure and the interpretation of data:

# the method provides a value for pile resistance at zero
speed (Ry,) at the moment of test. Experiments suggest
that this resistance closely represenis the static
capacity of the pile at that moment;

e the static resistance at the moment of testing is not
necessarily representative of the long-term static
bearing capacity of the pile, especially in clays, in
which recovery after driving may take several months,
The date of the test must therefore be chosen carefuliy.

In effect, several tests at different intervals of time may be
neededt:

e it is also advisable to test at variable energies (stroke
of ram) so as to determine the value of the damping
factor .

Generally speaking, it is not advisable {0 base the
verification of a whote site on the dynamic method alone.
However, on a large sHe involving several static tests the
method may, after calibration with a static test, save
outiay on the possible subsequent tests.

4. Installation of HP piles

HP piles are normally instalied by impact or by vibration:

e impact driving usually invoives diesel or hydraulic
hammers,

e vibration may be by either hydraulic or electric
vibrators,

These twa techniques may be used either separately or in
conjunction with each other; the pile can be started by
vibration, then impacted to its finat position.



4.4. Impact driving

The two most widely used pile drivers are diesel and
hydraulic hammers.

414. Diesel hammers

These are the usual hammers for piling on land. They
work with an internal combustion engine whose piston is
the ram. The explosion of the gas mixture releases
enough energy to lift the ram which falls again under its
own weight and strikes the helmet through the dolly. The
helmet transmits the biow towards the pite.

Afthough competitive from the viewpoint of outlay cost
and maintenance, this type of hammer has a low
efficiency due to the energy losses at each of its many
intervening parts. The efficiency of the hammer is the
ratio of the effective energy transmitted tc the pile by the
stroke of the ram, divided by the ram’s incident energy.
Instrumentation tests during driving have shown that the
efficiency of diesel hammers rarely exceeds 45% and
often falls to between 30 and 35%.

41.2. Hydraulic hammers

Hydraulic hammers first appeared some ten years ago in
offshore work where their achievements in underwater
piling ensured their success. For some years they have
deveioped rapidly on land and in harbour work.

These are double-acting hammers; the hydraulic
pressure lifts the ram, then accelerating it down towards
to the anvil.

The type of steel/steel impact and the existence of only
one intervening unit (the anvil) reduces energy losses and
results in very high overall efficiency. Instrumentation
during driving has shown that the efficiency is generally
above 75%. In addition, these hammers have a wide
range of use because hydraulic power is easily adjusted;
also the internal instrumentation measures the kinetic
energy of the ram instantaneously.

The minimum values for penetration recommended by
the hammer manufacturer are between 1 and 2 mmy/blow
and, exceptionally, 0.5 mm/blow for a series of 100
blows.

AP BP2A aliows driving to continue to 800 biows/0.30 m
or 300 blows/0.3 m on five successive heats of 0.30 m
each.

The maximum driving rates are stated by the hammer
manufacturers. They are generally between 35 and 55
blows per minute for diesel hammers and 45 to 60 blows
per minute for hydraulic hammers.

4.2. Vibratory pile driving

Vibration applied to the head of a steel pile during driving
reduces the soil-to-shaft friction. This is the principle of
vibratory hammers.

The vibrations are generated by an even number of
eccentrics (generally 2 or 4), revolving at the same speed
in opposite directions so as to counteract the horizontal
component of the resulting centrifugal force and to
generate only a vertical sinusoidal force (Figure 13}

toss of friction under the effect of vibrations is a
characteristic of sands and gravels; this method is
therefore efficient in soils of this kind. Penetration rates
reaching 5 m/mn can be obtained in loose saturated
sands. For general efficiency reasons, the penetration
rate should be kept higher than 50 cm/mn. Under this
limit the reduction of friction rapidly gets unsufficient. For
safety reasons, the manufacturers of vibratory hammers
generally recommend that this rate should not be
exceeded,

In soft cohesive soils, vibration is also sometimes used
but it involves considerable remoulding of the soll, and
consequently a loss of bearing capacity for the piles.

Vibration is not recommended in stiff clays in which it is
very inefficient.

Low- or medium-frequency eiectric or hydraulic hammers
developing a centrifugal force of 15 to 460 tonnes, and
high-frequency hammers (of some 40 Hz} developing
fromn 40 to 280 tonnes are available.

High-frequency  vibrator  performance  generally
compares favourably with that of the much heavier low-
frequency vibrators, and the high-frequency tools gene-
rate vibrations that are quickly damped by the soil and
are therefore less harmful to surrounding buildings .

4.3. Vibration foliowed by impact driving

Pile instrumentation during vibro-driving has not been
used much to date and there is as yet insufficient data to
connect refusal under vibration with the dynamic
resistance of the soil.

Consequently, impact driving after vibratory driving is
generally necessary in order to obtain a better estimate of
the pile bearing capacity.



APPENDIX 1

Determination of the H-pile bearing capacity
from the results of CPT tests

Determination of the resistance of a
bearing surface

Notations

The unit uitimate resistance g, below the base of a steel
pile or below the base of a lagging can be written

a
gr = 8 —Gr,DB 8

be:

¢ grpp’ unit base resistance caiculated following the
method described by de Beer (1985}, in function of the
equivalent diameter D, from the bearing surface A

Dy - |4

Y
ARBED owns a computer program for the determination
of UrDB-

&y reduction factor

[
op =1 ﬁgi%@' _4] [3]

(d = diameter of testing rod)
in sands ap = 1.0
in stiff fissured clays, 8 = 0.01 with Dy = Dy

2]

® g escaping factor considering the fact that a lagging
is not always attached over the whole length of the pile
above the bearing surface, thus enabling the soil to
escape above this surface. The escape of soil gives a
lower soil displacement, compared o a full and constant
section pile and so a lower unit resistance below the
bearing surface.

.
e = e 4

N {
4'T+ DEE_E___“{ XOWE }
\ tDeH | R

be: Dg 1 = eguivalent diameter of the section Ay of the
H-beam

QIAH

D
2, = \.i §5]
¥ = perimeter of the bearing surface of lagging

Y. ow = part of perimeter of the bearing surface which is
equipped with a jacket having a height of at least 3Dg.

e s: shape facior of bearing surface

S = [6]

b = width of bearing surface
b = length of bearing surface (I = b)

Case of a bearing surface without piug formation

e Considering the toe of a bare H-beam, following
relationships are given

A=Ay = Ay
e = 1.0

Because of the special shape of a H-section, the factor s
has to be assumed on the safe side by introducing

s =13

consequently

=%
=13 Gr,DB [7]

e In case of a lagging at the base of the pile, A = Ay
represents the bearing surface of the lagging and the
total resistance (|, is given by

Qrb = 9Py 6]
e in case of a lagging with a bearing surface Ay at a

higher leve! than the pile base, the total resistance Qy
below this lagging is given by

Qri=ar] (A|-Ap) (]
{for gy or g, 5, exchange in formula {1] g, by Urp OF qr,|;}
Case of a bearing surface with partial plug formation
{granular soils)

Tests in dense sand showed that, during driving, com-
pacted soil forms a plug between the flanges of the

H-section. For computation purposes, the folowing
dirmensions of the piug may be assumed

fora<d’<2a:e:§; (10]
2
1a
ford'>2a:e= - — 1
or 5 g ]
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The bearing surface Ap in case of plug formation can now
be written

Ap = A + 2 ed’ [13]

The unit base resistance ¢, pg has 1o be determined in
function of the equivalent diameter Dy, |, with
Y.
Doy = R
5Py

For small values of & against &', the factor s has 1o be
assumed on the safe side by introducing

s =13
The total resistance can now be written

[14]

Qup = Grp Ap [15]

In case of a lagging with a bearing surface A at a higher
level than the pile base, the total resistance Q| below this
lagging is given by the formula [9] with Ay, = Ap.

Case of a bearing surface with soil adherance
between the flanges of the H-section {cohesive soils)

The soil plug is assumed to fill the whole space MNPQ
between the flanges of the M-beam {fig. 1).

Therefore, the bearing surface A, of the H-beam may be
written

Ay = by hy (6]
The equivalent diameter Dg 5 is given by
Den= e

&a Ty [17)]

The determination of the total base resistance Q,, and
Qy; is done by using formulae [8] and [9] and by intro-
ducing

Qr,b = Qr,a
Ap = Ay
b = Yra

Determination of skin friction from the results
of OPT tests

Case without plug formation

For a driven full displacernent pile, the uwit lateral friction
is given by the formula

fs = a5 fs CPT 18}
for a steel shaft:

ag = 0.65 in stiff fissured clays
ag = 1.0 for all other soils

10

fs cpT can be deduced from the diagram of the totai
friction resistance Qq;. Underneath the depth, at which
the total thrust of the sounding apparatus has been
reached, the friction is artifically decreased with a friction
reducer. For estimating fg opt here, one refers to the
measured cone resistance .

The general shape of a Qg diagram is shown on fig. 2.

' Fig. 2
The unit side friction in layer 1 is:
Qst 1
f P B 19
SCPT.1 = 73z, -0) (19}

In fayer 2, Qg; increases much slowiier than in layer 1. In
such cases, & unit side friction is considered, which
varies with the depth z below the soil surface. At the
lower level of layer 2, the unit side friction is

i Ot 2
5, CPT,2 = Tdzo 201
At a depth z, such that
Z4 < Z<Zy
one considers

Z—Z
40Pz = CPT.4+{lsCPT,2 ~ 5.CPT1) - [21]
In tayer 3, the unit side frictiion is
f _Cst3-Cst2 -
S,CPT, 3= o (23 - 22) [ E

For the estimation of the unit side friction f5 opT from qg
measurements, the following empirical relationships are
proposed:

e in cohesicnless quartz sands
= % tor gy 2 20MP 23]
f5,CPT = 55507 % 2 a

fs CPT = %;6 for qc <10 MPa (24]

For intermediate values of g, the value of fg cpT s cai-
culated by linear interpolation between the value q;/200
and g,/150.

® in cohesive layers, g, and fg opT follow a relationship
which is a function of the rigidity index and thus of the
value of gg.

fs,cpT in function of g is shown in the tabie beiow

Ge

075 2 5 11 _ >
iy | 075 25 5 2 25 3 >3
fierl 5 10 18 31 44 58 70 82 G
(kPa) 366




In case of a steel H-pile without lagging, the soil
displacement is less important than for a full section pile.
Therefore, the Introduction of a reduction factor is
required

Os i, CPT _ f5
SH= "0 "0 [25}

in case of a H-pile with lagging, the soil is strongiy
dispiaced and the value fg | = fg is introduced for the
computation of the fl’lCtkOﬂ over the height of the lagging.
Above the lagging, the friction is strongly decreased over
the part of the perimeter, where a protrusion exists. For
that part of the beam, a unit friction of 20 kPa is con-
sidered. Over the part where no protrusion exists, the
reduced side friction in layer i is determined by

3

x
189 agl fs cpr, i~ (.0pT,1-20 N 1-5) 26]
P

with ¥ = perimeter of the bearing surface of lagging

¥'= total length above fagging over which no pro-
trusion exists.

By multiplying the values of fS i with the corresponding
lateral surfaces for which they are valid, the individual
skin friction resistances Qg ; are obtained. The sum of
these individual resistances’ gives the totat skin friction
resistance Qg ; of the pile.

Case with partial plug formation (granular soils)

When, during driving, a plug is formed between the
flanges from a certain depth on, the soil is strongly
displaced over the height of the plug and formuia [18] is
used.

The height of the plug is assumed to be

Ip =10 Dg,p 27}

Above the piug, the soil between the flanges is strongly
released; consequently, the unit friction f'”i of the soil

between the flanges in layer i has to be reduced

1
RS 5 5,CPT, | [28]
10 = ot 15, CPT, | [29)

The friction above the plug in fayer i is now determined as
follows:

int_int , int | :
Osiﬁfs‘,lxi o (307
Q e’l“ = g’i“ PR E [31]

with o = 2hy, (hyy = height of section)
%8 = 2by; (byy = width of section)
L = height of considered soil layer

Case with soil adherance between the flanges
{cohesive soils)

For the determination of the unit lateral friction between
soit and steel, formula (25) is used, Along the line MQ on
fig. 1, the friction soil to soil is determined by using
formuta [25] with «g = 1.0, For piles with lagging, the unit
friction or the lagging is given by formula [18].

Above lagging, the unit friction flsmf at the part of the peri-

meter where a protrusion exists, is given by

sint <20 kPa
8i <Us fs CPT, | (32]

At the part of the perimeter above lagging, where no

protrusion exists, the unit friction fex’z 0 may be ex-
pressed by formula [26].

Hi



Determination of the load/movement behaviour of a
driven H-pile from the results of CPT tests

Assumptions

The aim of the proposed method is the prediction of an
upper safe limit of the movement of a single pile under the
working load. The following general data are helpful:

1. The rupture load around the pile base of a driven plle is
only reached when the movement of the pile base is
equal or larger than 10% of the equivalent pile diameter.

Sp,r = 010 Dg [33]

2. The static load tests show that for loads which are
much smaller than the rupture load, there is a quasi linear
relationship between loads and movements. i should
however be erroneous to deduce from this linearity that
the soil is a material characterized by a unigue and
constant modulus of elasticity.

3. The mantie friction is mobilized for much lower values
of the relative movement than the base resistance. In
most cases the mantle friction of a driven pile is totally
mobilized for a relative movement of the base in the order
of 0.01 Dg.

When the variaton of Qp is drawn versus the relative
movement at the base /Dy, one gets in reality a curve
OPQQ’ on fig. 3, with a guasi linear part OP a curved part
PQ and eventually a quasi linear part QQ.

The variation of the mantle friction Qg versus sp/Dy is as
shown by the curves ABC or ABC'. The part OA depends
on the residual load and on the elastic defermation of the
pile. For sake of simplicity and safety, the real curve ABC
is replaced by the broken line OEE".

It is assuimed that the predicted mantle rupture load Qg ,
is obtained for 0.01 Dy, or 0.01 b (b = width of H-section),
whichever is larger.

For the base resistance, the real curve OPQQY is re-
placed by the curve ORSS’. It is assumed that the
predicted rupture load Qy, , corresponds to a refative
movement of the base s, equal to 10% of the equivalent
diameter Dy,

it is further assumed that there is a linear behaviour for ali
foads Qy, smailer than

Cp,
Qref = o (4]

Between the points R and S, a fiuent curve is drawn
which is tangent to both straight lines OR and S8'.
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fig. 3: Mobilization of base resistance Qp,
and skin friction Qg

For determining the lingar relationship OR, two different
approximate ways are at disposal:

1. The first way is to assume the scif underneath the base
as an homogeneous, isotropic, linearly elastic material
characterized by a constant moduius of elasticity E5 and
a constant Poissons ratio u.

For the case of an infinitely rigid circular toading with a
section A, the settlement s, is given by
dp = Kg $p {35]

with Kg =118 5. T

‘I_“ VA
A relationship between Eg and g in case of virgin
compression is

Eg = 3/2 g¢ (37]

[36]

For sand, one finds in the literature u = 0.3; for clay with
immediate settlement at constant volume p = 0.5 and
after final consolidation w = 0.1

In case of driven piles, the seitlement related to the
subsequent static loads do not correspond to a virgin
loading, but to reloading.

Under reloading conditions, the deformation modulus E'y
is about 10 times larger than the modulus of virgin loading
in case of pure quartz sands, and about 3 times in case
of clays. Conseguently for driven piles:



E’g = 15 q, for sand 138}
E's = 4.5 qg for clay [39}

However, these formulae should only be applied if the
values of q., are constant over the so cailed compressive
thickness underneath the level of the pile base.

2. In the second and recommended way it is admitted
that, for loads on the base smalier than one third of the
rupture load of the scil, the settiement dus to lateral
deformation of the soil can be neglecied. So, for the load
Qp /3, the settlement can be computed in an oedometric
way. In case of virgin loading of the soil, the settlement
S, ref under the reference load Qp yet is given by

Zp Zp i, Pl
hi | Ozi+Pij
sb, = 5 o= Ay | . ’_i__’
° % * % G Pyl [40]
in which:
C; = constant of compressibility of the layer with a
thickness h;

0'z,i = the effective stress increase in the layer i
caused by the load on the pile base

pti = the original effective stress in the layer i

The stress increases G';; are not calculated by the law
of Boussinesq, but by the faw of Buisman, which gives
larger stress concentrations, These stress increases are
computed along the vertical of the singular points. The
location of the singuiar circle

Rs = 1/2Rg2 [41]

and the variation of the influence factor i = G', /g, versus
the relative depth /Dy are given on fig. 4.

In case of sand: Gj = 2 q¢ i/p't | [42]
in case of clay: C; = 1.65 qg /Py ; {43]
In case of reloading {driver: piles), C; has to be replaced in

the formula {40} by the recompression constant A For
pure guartz sand:

Aj = 10 Cj = 20 qg i#p'y | (44]
Aj= 3Ci= 5qcifp't; [45]
For other soils, for instance clayey sands, glauconitic
sands, calcareous sands, samples should be taken from
the considered layer and brought in the laboratory at
about their field density. In an oedometer test, the sample

is submitted to a loading and reloading cycle, and the
factors Aggg and Cgeq are determined.

One calculates further

Aj = Aged C

Coad 48]

For glauconitic sands, calcareous sands and clayey sands

A Gc,i
Coed P,
for sandy clays
Aj = Roed 45 9
Coed Pt (48]

The formulae [47] and {48] are written as an inequality. in
the choice of the values to be introduced in the com-
putations, attention should be paid to the two following
facts:

1. in a heterogensous layer, the deformations are not
governed by the mean deformability parameters, but by
the properties of the Iesser deformable parts.

Stress variation coefficient — == |
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Fig. 4: Variation of the stress variation coefficient i
vs. depth foll. Buisman

2. in anisotropic fayers, when the deformability in the
horizontal direction is less than in the vertical direction
(overconsolidated layers), the values of A; are larger than
given by the equality of the formulae [47] and [48].

The compression of the soil is considered o be limited to
the so called ,,compressed thickness Z.", which extends
to a depth where:

Sz _1% _ gy

Pti Pti (49]

Movement of the pile head

As one disposes over a relationship between the
movement at the base sy, and the load at the base Qp
and also over a relationship between sy, and the foad Qg
taken by mantle friction, one gets a relationship between
8p and a totat load Q with

Q=Qp+ Qg [50]

The following step is to determine the movement of the
pile head, with the refations

5 = 8p + Sp [51]
Qp L 1
=¥, ¥ AL
€ Ep A * Ep A OS” ! [52]

with: sy = elastic shortening of the pile
L = iength of the pile

Qg j = friction force in the pile at the level of the
" partial iength L.

It is suppased that at ail depths

Qori Qsr o

Finaily, the load /movenment curve G = f {s) can be drawn.

13



Comments on the proposed procedures

1)

14

With the values of g, and fg, deduced in the indicated
way from the results of the CPT tests, it becomes
possible to make a prediction of the bearing capacity
of a steel H-pile with and without iagging.

As beforehand one ignores, whather or not a plug is
formed (granuiar soilsj, or whether or not acdherance
occurs (cohesive soils), the calculations are successi-
vely made in the hypothesis of the absence and of the
formation of a plug or adherance. For the sake of
safety, the lowest value, obtained from the two
computations, is used. For non conventional types of
laggings, appropriate assumptions have to be made.

It is important 1o note that the proposed caiculation
method is predicting the conventional rupture load of
the pile.

In order to determine the allowable working load of the
pile, appropriate safety factors have to be applied on
the calculated base resistance and skin friction.

The predicted load/movement behaviour of a single M-
pile under an axiai compression ioad may be com-
pared to the measured resuits of a static load test. As

implied however by the nature of the problem, no
analysis performed on a single pile can be regarded as
generally valid for a whole foundation project
because, even on one site, the pile behaviour varies
from one location to another Conseguently, the
proposed procedure relies mainly on empirical rela-
tionships, allowing for a crude and safe prediction. it is
also clear that the pradicted movement of a single pile
does not necessarely correspond to the movement of
the foundation as a whole. Here, a realistic assess-
ment has to be made on the group effect of the
designed structure.
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APPENDIX 2

Exampies of methods for calculating the bearing
capacity of HP piles

Example 1 - Test with the Ménard pressuremeter — bearing capacity factor
Caiculation of the bearing capacity of a HP 360 x 109 pile kp =15
using the pressuremeter method of Fascicule 62 - Titre V - reduction factor for the foe section:
(ref [1]). 0p =05
o HP 360 x 109 - total area of the pile:
i - 2
= fi = 346 4 mm A= 01283 m
1:: 3;70-51 g“g‘ From which:
= = 1e.d mm = Aty = O Ak
h G = 109 kg/m Qpu =Pp-Ady=pp-A-kp pie
‘ A= 1389 cm? =05.0.1283.15.1.614
L Aoy = 1283 onry -
P=2123m Qpu =155 kN

e ultimate resistance from skin friction
The log of the pressuremeter test is given in Figure 3 o o
(Pressuremeter A). - unit uttimate friction

fromQto5m= p*| = .3 {0 0.8 MPa (clayey sii)
curve Qq : gg = 30 kPa

from 5 to 8 m = p*, = 0.9 to 1.2 MPa (clay)

curve Qo : gg = 60 kPa

@ uitimate resistance under the pile toe at z = 15 m fromB8to 1B m= p*i = 1.5 to 1.8 MPa (clay}
embedment curve Qo @ gg = 756 kPa

# Soil conditions:

from 0 to 3 m = clayey silt (" = 6 kN/m?)
from 3 to 18 m = soft to stiff clay {y* = 7 kN/m?)

— Equivalent ultimate pressure

o . — reduction factor for the pile perimeter:
depth of pile in the bearing layer:

pg=1.0
h=12m
a=05m - developed perimeter of the HP pile:
b =inf{a h} =a=05m P=2123m
D}\’ia From which:
c e [ pizyde i
Pl b+3aD-b{) Qsu=ps-P- Jaslz) iz
o
Wi‘{h.D*:‘le =1.0.2123.(5.30+3.80+7.75)
that is
4 185 Qg = 1815 kN
Ple =y k{f l(z} dz e ultimate compressive foad on an isolated HP pile:
according to Table 1: p’jg = 1.614 MPa. Q= Cpu + Gy
Q,, = 1970 kN
z p| Po -
(m) (MPa) {(MPa} {MPa) e aliowable working load:
14.5 1.89 0194 1.69 .
15.0 1.58 0.203 1.37 Qg =3¢ =07 Qu Gy
16.0 2.00 0.216 1.78 4142
18.5 2.0G 0.225 177

Qg = 985 ki
Table 1: Results of pressuremeter tests —

pressuremeter A (Fig. 3}



Example 2.1. - Stalic peneiration test {CPT)

Calculaticn of the bearing capacity of a HP 360 x 109 pile
using the static penetrometer method of Fascicule 62 -
Titre V {ref [1].

The log of penetrometer tests is given in Figure 2 (CPT-B).

e Soil conditions:
from 0 to 3.4 m = soft clay {y’ = 6 KN/m?)
from 3.4 to 6.0 m = clayed sand (v = 7 kN/m?3)
from 6.0 to 18.2 m = compact sand (' = 10 kN/m?)

# ultimate resistance under the pile toe at the depth
z=14m

~ equivalent toe resistance at z = 14 m
depth of pile in resistant layer:

h=8m
a=05m
b=infla,h} =a=05m
1 D+3a
= e Gz
Goe =pag J- qc(2)
D-b
inwhichD=14m
that is

155

1
Gee =% faclz) oz

13.5

according to Table 2: g = 15.08 MPa.

z de
(m) {MPa}
13.5t015.5 1610 14.2
15.5 14.2

Table 2: Resulis of CPT tests - CPT-B (Fig. 2}

- bearing capacity factor
ko = 0.50 mean of sands B and Q)

— reduction factor for the {oe cross-section:
Py = 0.75
— total area of pile:
A= 01283 m?
From which:
Qpu =pp ke Gge A
=0.75.05.15.08.0.1283

Qpy = 725 kN

p
® ultimate resistance from skin friction

~ ynit ultimate friction
from0to34m:qg=0
from 3.4 t0 14.0 m ! gg = ¢/300

16

Z 9de Og
(m} (MPa) (iKPay)
3.4-6.0 3.5 1.7
6.0-9.5 16.0 53.5
9.5-10.5 222 74.0
10.5-14.0 156 52.0

Table 3: Determination of the unit skin friction -
CP.B {Fig. 2)

- reduction factor for the pile perimeter:
ps =10

— developed perimeter of the HP pile:
P =2323m

From which: 1
Qsy=ps- P [as(z) dz
O

=1.0.2123.(11.7.26+53.3.35+74.0.1.0 +
52.0.3.5)

Qg = 1004 kN

& Ultimate compressive load on an isolated HP pile:

Q= Opu + Qg
Q, = 1729 kN

e atlowable working load:
Qe _07-Qy Qu

Qail

T4 14 2

Qgaji = B65 kN

Example 2.2. — Static penetration test (CPT)

Calculation of the bearing capacity of a HP 360 x 109 pile
using the static penetrometer method described in
appendix 1.

The log of the CPT test is the same as for exampie 2.1.
and is given in figure 2 (CPT-B).

e Soil conditions:

See example 2.1. For computaiion purposes, the
assumptions concerning granular materials are consi-
dered over the embedment depth of the pile.

The values g, pp are calculated via computer following
the method described by de Beer {ref [15]) in function of
the equivalent diameter of the pile. The results are shown
in figure 2.

e Case without plug formation

D = 4\:‘ 4 0%’339 =0133m

The unit base resistance g, pg is given in figure 2. At
14 m dspth q, pg = 14.52 MPa.

For the bare H-pile in sands, ag = ay = 1.0 and the shape
factor s = 1.3.



- unit ultimate base resistance at 7z = 14 m

OLe RS b
G = —5 — 9DB
= 1%—-'51:9“ - 14520 = 11169 kPa

- ultimate base resistance

Qrp, = g - A = 11169 - 0,01389
Qpp = 155 kN

—~ skin friction

The unit skin friction is assessed from the g values for
sand.

The average g value over the depth of 14 m is

Qg = 10.77 MPa

and the empirical relation for the unit skin friction
becomes

fS,CPT = 122750 = 7002 kPa and

70.2
foog = 122 _ 63 82 kPa
AT

From which
Qs,r = fs,H P =6382-2123-14
Qs,r = 1897 kN

e Case with partial plug formation
The width e of the plug is

e = 4.47 cm
The partially piugged base area becomes
Ap=A+2e(h-2 Y

= 1388+ 2 447 (34684 - 2 - 1.29)

Ap = 425.5 cm?
[4- 4255
Dep=,,————=233cm
ep ﬂ‘j T

The length of the piug is

Ipb=10 De.p

Ip =10-23.3 = 233 cm

The perimeter of the partially plugged pile is
Pp =P-4.0=2123 - 4 0.0447

Pp = 1944 m

unit ultimate base resistance at z = 14 m
from figure 2: g, pp = 14.36 MPa

[£ PN &4

e %p
Gp =5 Y9DB

_10-10
13

- 14360

Arp = 11.046 kPa

- uitimate base resitance
Bp=%p Ao

= 11.046 - {,04255
Ar, p= 470 kN

- skin friction

Over the height of the plug, the average g, vaiue is
Up,p = 14.94 MPa

and the empirical relation for the unit skin friction
becomes

14940
f - ~ 85.52 kPa
S.CPTP = 747

Above the plug, the average o, value is
qg = 9.913 MPa

and the empirical relation for the unit skin friction
becomes
9910
f =—— = 66.07 kPa
5,GPT 150

from which
Qg = fS,CPT,p - Pp . ?D +is CPT" {Z—lp) 05-2-h+2:b)
= 8552 - 1.944 - 233 + 66.07 (14-2.33) (05 - 2 -
0.3464 + 2 - 0.3705)
= 387.4 + 838.4
Qg = 1226 kN

& The assumption with partial plug formation gives the
lowest capactty. Foliowing a proposal frorm Prof. de
Beer, the allowable working load can be calculated as
foliow:

Gan= | -(% . 0s)

al "4 V15 T3
L (ﬂq 4 %}
14 \15 13
Qigyy = B97 kN

Exampile 3 — Standard penetration test (SPT)

Calculation of the bearing capacity of a 4P 360 x 109
pife, using Meyerhof's method based on SPT tests,

The SPT test log is given in Figure 2 (SPT-B).

e Soil conditions:
from 0 to 3.4 m = soft clay (y' = 6 kKN/m?)
from 3.4 to 6.0 m = clayey sand [y’ = 7 kN/m?%
from 6.0 to .2 m = compact sand {y’ = 10 kN/m?)

e uitimate resistance under the pile toe at z = 14 m of
embedment

— total area of the pile:
A=01283 m?

- reduction factor for the toe section;
Pp = 0.75

— equivalent diameter at the toe;
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4-pp-A
Dg = o
= 0.350 m
2D = 0.70 m 10D = 3.50 m

= Nt = inf {N(14my. Netam + 2De)}
= inf {48, 43} = 43

~ Np = average {N14m)—= N(1am + 10De))
=47

__N1+N2

- N 5

=« 45

For saturated fine sands with N > 15, N is replaced by the
reduced value:

Nigg=15+0.5(N-15) =30
0y =400« Nygq = 12000 kPa
qu = pp AL ay

=0.75.0.1283 . 12000
qu= 1155 kN

8 Ultimate resistance from skin friction:
INj-z
N = 22
4
where

z; = thickness of layer i {or distance between 2 mea-
surements)

Nj = mean of NgpT in layer |
that is
N’ = 27.33 between 0 and 14 m.

For fine saturated sands with N' >> 15, we substitute the
reduced value:

N'rgd = 16 + 0.5{N'-15) = 21

— mean ultimate unit friction:
Og = 2Npgq = 42 kPa

— reduction factor for the pile perimeter:
pg =10

~ developed perimeter of the HP pile:
P=2123m

Using the same hypothesis as example 2.2., that is gg =
0 between 0 and 3.4 m, we obtain:

Ugy = X {dgi - hj)+ps- P
={14-34).42.1.2.123
Qg =945 kN
s Uhimate compressive load on an isolated HP pile:
Q= Qpy + sy
Qy = 2100 kN

@ Allowable working load with a safety factor of 2;
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Qg = U
all 5

Qgy = 1050 kN

This value is more optimistic than the value obtained by
the CPT methed in examples 2.1. and 2.2.

It will be noted that the equation N = 4%% is in general
approximate.

A more realistic equation can be obtained from the soil
grain size distribution {not available in the present case).

Example 4 - Laboratory tests

Calculation of the bearing capacity of a HP 360 x 109
pile, using the AP] RP2A method (ref. [2) based on geo-
technic parameters from laboratory tests.

The log of the parameters is that of borehole B2 as given
in Figure 1.

The calculation method proposed by APl RP2A is for
tubular piles. Therefore we have used the geometric
characteristics of a tubular pite which is eguivalent to the
HP pile in question.

There are two hypotheses:

- The soil sticks to the H pile: the H pile is modelied on
a closed tubular pile with the same cross-section at
the toe as the H pile. The equivalent diameter is thus
defined by:

[4A
Dog=.—=0404m
R E:
where
A = the total pile section = 0.1283 cm?,

- The soil does not stick to the H pile: the pile is
modelled on a tubular pile of the same sieel cross-
section with the same frictional surface {per linear
metre). The diameter Dy and the wall thickness 1 of the
equivalent tube are given by:

P=r.Dg+ n-(Dg-2t)

where
P = total pile perimeter = 2123 m
A = steel section of the HP pile = (L.01389 m?

We obtain:
Dg =0.3510m
1 =0.0131 m

The limiting wall friction in the clay beds was calculated
by using the two methods for calculating the adhesion
coefficient, given respectively in the versions 1986 and
1992 of APl RP2A (ref. [2]) (see Fig. 5).

The results are given as follows:
Fig. 7: Unit skin friction

Fig. 8 Unit toe resistance

Fig. 9 Bearing capacity in compression, using AP
RP2A, 86

Fig. 10: Bearing capacity in compressicn, using AP
RP2A, 92



The ultimate bearing capacity Q, for each depth is
defined as the smaller of the two values obtained for
cases where the soil either sticks to the steel or does
not.

The allowable bearing capacity Qg is deduced from the
ultimate bearing capacity by using a safety factor
of 2.

for example, at z = 20 m we obtain:

API RP2A-86: Q= 1960 kN

Quqgm = 980 kN
APIRP2A-92. Q= 1948 kN
Qadm = 974 kN
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cause of difficulties in piling {premature refusal, damage
to piles). Methods of investigation aimed at providing a
continuaus soil or ground profile shouid be systematically
researched. The static penetrometer is the most suitable
tool because it also provides parameters of direct use in
dimensioning the foundation. Failing this, either dynamic
penetrometer testing or the continuous recording of
drifling variables should be considered. Representative
soil samples for the appropriate laboratory tests should
be insisted upon.

22

A realistic appreciation of the dynamic behaviour of soii is
critical to the development of a driving forecast. The
geotechnician has a prime role in stage 1. His experience
of driving problems and his knowledge of procedures are
usually the best guarantees of a reliable result,

The results of stage 2 depend heavily on hypotheses
about the true efficiency of the hammer used.
Considerable progress has been made in the last few
years on this subject, thanks to instruments which can
directly measure the energy tfransmitted to the pile.



APPENDIX 4

FIGURES
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APPENDIX 3

Forecast of pile driving

The driving forecast should be part of the engineering
design of the foundations. Well-tested forecasting
methods now exist o deal with the subiect systematicaily
and in detaif.

The foundation design stage uses soll data from the
geotechrical investigations and loads carried by the
structure to decide on the number of piles, the steel
cross-section, its thickness, the embedment of piles in
the ground and the type of steel. The checking of the
bearing capacity of the piles is an important part of this
stage, in conformity with the reguiations in force.

The driving forecast is made before the beginning of site
work, and is based on the soil data available and the
geometry of the piles proposed during the foundation
design stage. Hts purpose is to:

¢ define the procedures and the materials to be used: to
choose the hammer type (diesel, hydraulic) as well as
size and number, etc.;

e check whether the power required to overcome the soil
resistance matches the integrity of the pile (cross-
section adequate for transmission of the energy to the
toe, and the fevel of dynamic stress, etc.);

e establish  refusal criteria® or procedures fo be applied
in case of premature refusal (driling beneath the toe,
stc.). The concept of such a criterion is discussed
below.

Any driving study should include two separate but
complemertary stages, followed by a synthesis stage.

& Stage 1: Determination of soil resistance to
driving

The SRD, soil resistance to driving, has 1o take account of
the mechanical properties already determined (geo-
technical reconnaissance, pile type, steel cross-section
with or without lagging, stc) as well as of special
phenomena such as the possible formation of a soil plug.

In practice this involves a range of values and defining
minimum and maximum resistances to continuous
driving, as weil as a consideration of the conseguences
of soil recovery afler driving has been haited (see
Fig. 1ta).

Calculation of the SRD involves the geotechnician’s
knowledge and experience. The procedures used ars
inspired by the recommendations of Toolar et al (1977),
Stevens et al (1982) and Puech et al (1990). Obviously
they gain in effect when backed by sound information
about the soii in guestion, as well as long experisnce
of the driving method in this soil, and furthermore
when verified against properly documented cases from
practice. :

¢ Stage 2: Simulation of the behaviour of the
hammenr-pile-scil system

This simutation is made with tested numerical programs
available on microcomputers and based on the theory of
unidimensional propagation of stress waves. The pro-
grams are derived from the sclution of the wave equation
(WEAR, TTI, BATTPILE, etc.) or from the theory of charac-
teristics (ADIG, TNOWAVE, etc ).

The result is stated in the form of a system-specific
relationship between the soil resistance to driving and
the number of blows needed to drive the pile 50 cm
{SRD-N/50 cm curves, see Fig. 11b). These curves relate
to several depths of embedment and several hammaer-
specific values of efficiency, as well as the distribution of
the resistance between the toe and wall friction. An
additional estimate is obtained of the maximum com-
pressive and tensile dynamic stresses in the pile during
the passage of the stress wave.

& Stage 3: Graphs for driving forecasts

The comparison of the results of the simulation with those
from the resistance curves produces curves giving the
expected number of blows per 50 cm as a function of the
penetration (Fig. 11¢c) and are used to evaluate the
drivability. It is generally accepted that actual refusal
occurs between 250 and 350 blows per 50 cm,
depending on the hammer.

It is advisable to choose a hammer which, in continuous
driving, keeps the number of blows per 50 cm below 150;
experience shows that the reliability of current fore-
casting methods decreases for high values of N. For clays
with rapid recovery, this criterion could be lowered to
permit effective recommencement of driving after a
stoppage of several hours (breakdown or change of
hammer, etc.).

® Stage 4: Reliability of the driving forecasts

The reliability of a driving forecast depends basically on
the following three conditions.

Fundamental is the significance of the information about
the location and type of soil layers. It is essential that after
the soil investigation the geotechnician should be able to
buiid up the continuous stratigraphic profile, including
soil mechanical properties. The presence of a hard layer
- aven a thin one such as sandstone or limestone ~ not
discovered comprehensively by the drilling, is the main

21
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Figure 2: RESULTS FROM A CPT AND SPT TEST
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Figure 3: RESULTS FROM A PRESSUREMETER TEST (PMT)




Assumptions following
Fascicule 62 — Titre V

- for all types of soils

A::m+

Assumptions following

Prof. de Beer method
(see Appendix 1}

1) Assumptions without plug formation

— for alt types of soils

2} Assumptions with piug formation

-~ partial plug in granular soils

— full plug in cohesive sails

Figure 4: ASSUMPTIONS CONCERNING TOE CROSS SECTION
AND PERIMETER OF THE H-PHLE (CPT methods)
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Determination of soil resistance to driving
Simulation of the behaviour of the hammer-pile-soil system
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