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Introduction:

Piles are mostly used to transfer a load that cannot be adequately suppor ted at shallow 
depths to a depth where adequate suppor t becomes available.

When piles are installed in a deep stratum of limited suppor ting ability and these piles 
develop their car rying capacity by fr iction on the sides of the pile, they are called 
friction piles (Figure 1a). 

When piles by pass weak soil strata and transfer all their  load via their  tip into a 
stratum of good bear ing capacity, they are called bearing piles (Figure 1b). 

Many times the load-car rying capacity of piles results from a combination of points 
resistance and skin fr iction. The load taken by a single pile can be determined by a 
static load test. The allowable load is obtained by applying a factor of safety to the 
failure load.  Although it is expensive, a static load test is the only reliable means of 
determining allowable load on a fr iction pile.

Some piles are used to car ry lateral loads, such as mar ine bulkheads, br idge 
abutments, etc. These piles are lateral bearing piles (Figure 1c).





Different uses of piles: (a) bear ing pile, (b) fr iction pile, (c) piles under uplift.



(d) piles under lateral loads, (e) batter piles under lateral loads.



Transfer of Load.

The way that the load from a column transfers into the soil through the pile has evolved 
dur ing the past fifty years, from Terzaghi at the extreme left figure, Pr ieto (1978) on the 
extreme r ight, and on going research.
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Tension pilesare used to resist moment in tall structures and upward forces , and in 
structures subject to uplift, such as building with basements below the groundwater 
level, or bur ied tanks. For piles under tension both in sands and clays, the bear ing 
capacity at the tip is lost.  For piles of uniform diameter in sands, the ultimate uplift 
capacity is made up of the shaft resistance and the weight of the pile.

Laterally loaded pilessuppor t loads applied on an angle with the axis of the pile in 
foundations subject to hor izontal forces such as retaining structures (Figure 1d and e). 
I f the piles are installed at an angle with the ver tical, these are called batter piles
(Figure 1e).

Dynamic load may act on piles dur ing ear thquakes and under machine foundations. Dynamic load may act on piles dur ing ear thquakes and under machine foundations. 
Dur ing  pile dr iving, the resistance to penetration is a dynamic resistance. When  a 
pile foundation is loaded by a building, the resistance to penetration is a static 
resistance. Both the dynamic resistance and the static resistance are generally 
composed of point resistance and skin fr iction. However in some soils, the magnitudes 
of the dynamic and static resistance may not be quite similar.  In spite of this 
difference, frequent use is made of estimates of dynamic resistance by dynamic 
formulas and the wave equation for the load capacity of the pile. Therefore, we also 
descr ibe an understanding soil  action dur ing loading.



Group Action of Piles.

Piles are dr iven in groups at a spacing ranging from  3  to 4B where B is the diameter  
or side  of a pile.  The behavior of piles in a group may be quite different than that of a 
single pile if the piles are fr iction piles. This difference may not be so marked in 
bear ing piles.

A typical bear ing pile usually penetrates a shor t distance into the soil stratum of good 
bear ing capacity, and  the pile transfers  its load to the soil  in a small  pressure bulb  
below the pile tip.  I f the stratum in which the piles are embedded and all strata below 
it have ample bear ing capacity, each pile of the group is capable of car rying essentially 
the same load as that car r ied by a single piles.  I f compressible soils exist below the pile the same load as that car r ied by a single piles.  I f compressible soils exist below the pile 
tips, the settlement of the pile group may be much greater than the settlement observed  
in the single pile tests, although the bear ing pressure may be smaller than the allowable 
value. This is due to the over lap of the zones of increased stress below the tip of the 
bear ing piles and the pile group is likely to act as a unit.  The total stress shown by the 
heavy lines may be several times greater than that under a single pile.  The effective 
width of the group is several times that of a single pile.  However, if the bear ing 
stratum is essentially incompressible and there are no softer strata below the pile tips, 
the settlement of a group of bear ing piles may be essentially equal to the settlements 
observed in loading tests on isolated piles. In this case, the piles may, if desired, be 
spaced about as closely as it is practicable to dr ive them.



Stress condition below tips of piles: (a) a single pile, (b) a group of piles.



Usually,  fr iction  piles are dr iven in groups, the spacing of piles being from 3 to 4B.  A 
group of piles will fail under a load per pile far less than the failure load of a single 
pile.  The load car rying capacity of group of piles may be determined by 
consider ing the failure along the per imeter of the pile groups.

The load-car rying capacity of the fr iction pile groups in clay is smaller of the two:

- The sum of the failure load of the individual piles or

- The load car r ied as in group action and the failure as a pier along the per imeter.



Negative Skin Friction.

I f a pile is dr iven in a soft clay or recently placed fill and has its tip resting in a dense 
stratum (Figure 4), the settlement of both the pile and the soft clay or fill is taking 
place after the pile has been dr iven and loaded.  Dur ing and immediately after dr iving, 
a por tion of the load is resisted by adhesion of soft soil with pile (Figure 4a).  But, as 
consolidation of the soft clay proceeds, it transmits all the load onto the tip of the pile.

In case of a fill, the settlement of the fill may be greater than that of the pile. In the 
initial stages of consolidation of the fill, it transmit all the load resisted by adhesion 
onto the tip of the pile. A fur ther settlement results in a downward drag on the pile. I t 
is known as negative skin friction.  Both these cases should be recognized in the field in is known as negative skin friction.  Both these cases should be recognized in the field in 
the design of bear ing piles.  When this condition occurs, the pile must be capable of 
suppor ting the soil weight as well as all other loads that the pile is designed to car ry.   
Also, if fill is to be placed around an existing pile foundation, the ability of the piles to 
car ry the added load should be thoroughly investigated.



Piles in a soft soil over lying a dense strata: (a) Skin fr iction immediately and dur ing pile 
dr iving, (b) negative skin fr iction afterwards.



Equations for estimating the static pile capacity:

Meyerhof ’s Method:    Qp  =  Ap q’ Nq’

Vesic’s Method:            Qp = Ap (c Nc’ + ssss ’o Nssss ’ )

Janbu’s Method:           Qp = Ap (cNc’ + q’Nq’ )

Coyle and Castello’s:    Qp = q’ Nq’ Ap

Nordlund Method:        Qu = Rs + Rt



Qult

Static Analysis.

Disregarding the weight of soil displaced versus the new concrete and/or steel 
introduced,  the ultimate pile load Qult is,

tip bearing shaft friction

Qult =   At x rt +  S Ash x rsh

In granular soils, the laterally displaced mater ial 
compacts the soil around the shaft.  Therefore,

r sh

r t

Qult =  (s¢s¢s¢s¢o x Nq) x At +  (K x SSSS s¢s¢s¢s¢o x tandddd) x Ash

i
where s¢s¢s¢s¢o is the effective stress at each level considered,
K ( for dr iven piles) is 1.00 to 2.5, K ( for shafts) is 0.25            
to 0.70 (that is, loose to dense) and 

dddd =      ffff for in-situ shafts
dddd =  2/3 ffff for dr iven concrete piles
dddd =  1/3 ffff for dr iven steel piles

where dddd is the fr iction angle between the soil and the 
pile or the shaft.



Both rt and rsh increase with depth, but not indefinitely. They stabilize at a par ticular 
value at a depth that is approximately 20 pile diameters. Alternatively, the values for rt
and rsh can be found from:

rt =  5 Nq tan ffff ( tons / m2)
and           rsh =  rt

aaaa ffff

Relative density   �
Parameter

�

very loose sand loose
sand

medium
sand

dense
sand

very dense sand

TABLE 1.  Relationship between N (SPT) and a f for piles in sand.

N  (S.P.T.) 0-4 4-10 10-30 30-50 >50

� � 28 30 33 36 40

� �
20 30 70 90 150

� � 40 50 70 90 110





Buckling of Piles.

The buckling of fully embedded piles, under the influence of ver tical loads only, appears 
to be rare. Long, unsuppor ted lengths of timber and H-pile sections have been shown to 
be vulnerable to buckling failures. However, modern pile practices use very long 
unsuppor ted lengths of piles for offshore structures; therefore, buckling of piles may 
become impor tant.

Two cases must be recognized. First, the pile is per fectly ver tical and there is no 
eccentr icity in the ver tical load. These are ideal situations and may not be fully realized 
in practice. There is eccentr icity both due to pile dr iving as well as due to ver tical load 
being not at the center of the section.being not at the center of the section.

However, when a lateral and a ver tical load are applied simultaneously the deflections 
due to lateral loads result in automatic eccentr icity of the ver tical loads. Pile with large 
eccentr icities tend to deflect laterally quite rapidly at low loads. The lateral deflection of 
the pile produces soil reactions which may exceed the bear ing capacity of the soil. 
Slender piles sections have a low ultimate bear ing capacity resistance because the 
bear ing capacity is propor tional to the pile width.



Dynamic analysis of pile capacity:

1. The rational pile formula – (the basic formula);

2. The Danish (the Knaumas) formula;

3. Eytelwein formula;

4. Engineering News formula – (the most used);

5. The Hiley formula (used by most DOTs); and

6. The Wave Equation analysis.

Pile dr iving studies are required for effective design of constructible pile foundations. 
Perhaps the oldest method of estimating load capacity of dr iven piles is to use the 
dynamic formula.  These formulae relate the measured permanent displacement of 
the pile at each blow of the hammer, to the pile capacity.  They are considered 
outdated and seldom used today in pile capacity calculations. Load tests and the 
use of the wave equation are more reliable methods of measur ing load capacity 
and are the most frequently used.



The Method of Installation.
The traditional method of inser ting piles into the ground is to use the var ious types of 
pile-dr iving hammers.  Drop hammers, single acting hammers, double acting hammers, 
diesel hammers and vibratory pile dr ivers are the pr incipal types of hammers that have 
been commonly used in the pile-dr iving industry.

Drop Hammer. Drop hammers are weights which are raised and allowed to fall freely on 
the head of the pile.  The hammer is controlled by guides dur ing the fall in order to 
ensure axial and square impact.  The manner in which the operator releases the hammer 
has an impor tant effect on the velocity at impact, and thus on the effective energy 
delivered by the blow. Single-Acting Hammer. The single acting hammer uses steam or 
air  pressure to raise the ram, which then falls under gravity impar ting its blow to the air  pressure to raise the ram, which then falls under gravity impar ting its blow to the 
head of the pile.  Sufficient pres-sure must be supplied to raise the ram to the top of its 
stroke, and thus tr ip the valve.  Energy can be reduced to meet special dr iving conditions 
by adjusting external valve slide bars. Double-acting hammer. Double acting hammers 
utilize steam or air  to power both the up and down strokes of the hammer ram.

Differential acting hammer. Differential acting hammers use steam, air, or hydraulic 
pressure to raise and force down the ram.  This type of ram differs from a double acting 
hammer in that on the down stroke the cylinder, both above and below the piston, is 
under equal pressure and the exhausts only on the upward stroke.



Diesel hammer. Diesel hammers consist of a  cylinder or casing, ram, anvil block, and 
simple fuel injection system.  To star t the operation, the ram is raised in the field as 
fuel is injected near the anvil block, then the ram is released.  As the ram falls, the air  
and fuel compress and become hot because of the compression:  when the ram is near 
the anvil, the heat is sufficient to ignite the air  -fuel mixture.  The resulting 
explosion(1) advances the pile and (2) lifts the ram.

Vibratory hammmer. The pr inciple of the vibratory dr iver is two counter-rotating 
eccentr ic weights.  The dr iver provides two ver tical impulses of as much as 700 kN at 
amplitudes of 6 to 50 mm each revolution-one up and one down.  The downward pulse 
acts as with the pile weight to increase the apparent gravity force. The pile inser tion is 
accomplished by the push-pull of the counter-rotating weights, which increases the accomplished by the push-pull of the counter-rotating weights, which increases the 
pore water pressure to a point where the shear strength approaches zero; the soil in 
the immediate vicinity of the pile behaves as a viscous fluid.





Pile driving cushions.



The Dynamic Formulae.

The dr iving formula are based on an energy balance between the input energy of the 
hammer and the work required to move the pile a small distance. Although the use of the 
dr iving formula is not common practice,  the Hiley form of the equation is sometimes 
used in small projects. Even though it is a well known fact that the results of the dynamic 
formula are unreliable and their validity is a controversial subject, engineers use the 
formula as a quick reference or star ting point to determine the pile capacity. The 
following examples illustrate how the formula are used.

TABLE: Basic Pile-driving FormulasTABLE: Basic Pile-driving Formulas

For Drop Hammer For Single-Acting Hammer For Double-Acting Hammer

(Qv)
a,c

all = 2WH/s+0.1 (Qv)
a
all = 2E/s+0.1

(Qv)
c
all = 2WH/s+1

(Qv)
b,c

all= 2WH/s+0.1(WD/W) (Qv)
b
all = 2E/s+0.1(WD/W)



where,

a)  Use when dr iven weights are smaller than str iking weights;
b)  Use when dr iven weights are  larger than str iking weights;
c)  This is based on the most commonly used formula, known as the Engineer ing New 

Formula;
and,
Qall = allowable pile load in pounds;
Wr = weight of str iking par ts of hammer (ram) in pounds;
H = effective height of fall (of the ram) in pounds;
E = actual energy delivered by the hammer per blow in foot-pounds;
s= average net penetration in inches per blow for the last six inches of dr iving set; ands= average net penetration in inches per blow for the last six inches of dr iving set; and
WD = dr iven weights including piles.

Since the appearance of the Engineer ing Newsformula in 1893, over 400 dynamic dr iving 
formulas have been proposed.  Few have been proven useful, and only two will be 
considered as relevant here, the Hiley formula, proposed in 1930 and used considerably 
in the United States, and the Janbu formula (1962), used extensively in Europe and 
adopted there as a standard in 1978. The or iginal ENR formula of 1893 was developed 
for wood piles in sand using a simple drop hammer.



One simple and widely used pile-dr iving formula is known as the Engineer ing-News 
formula given by:

Qall =   2WrH 
2 + C

or Qall =  2E  
2 + C

where Qall = allowable pile capacity,
Wr = weight of ram,
H = height of fall of ram, ft.
s= amount of pile penetration per blow, in./blow
C = 1.0 for drop hammerC = 1.0 for drop hammer
C = 0.1 for steam hammer
E = dr iving energy

The Engineer ing-New formula given before has a built-in factor of 6.  Tests have shown 
that this formula is not reliable for computing pile loads, and it should be avoided except 
as a rough guide.



Another pile-dr iven formula is Knaumas, the Danish formula. I t is given by:

Qult  =  ek (Ek)   
s + 0.5 so

where
Qult = ultimate capacity of the pile
ek = efficiency of pile hammer
Ek = manufacturers© hammer energy rating
s = average penetration of the pile from the last few dr iving blows
so = elastic compression of the pile

so = 2ekEkLso = 2ekEkL
AE

L = length of pile
A = cross-sectional area of pile
E = modulus of Elasticity of pile mater ial

Statistical studies indicate that a factor of safety of 3 should be used as a field control 
dur ing pile dr iving to indicate when desired pile dr iving to indicate when desired pile 
capacity has been obtained.



Example 1.

Find the allowable load on a steel pipe pile that was dr iven by a 5,000 lb drop hammer 
having a 6.5 feet free fall. The pile-dr iving record showed 12 blows for the last foot of 
dr iving into the granular soil. Of these 12 blows, the last six inches had seven blows.  
Determine the allowable load on the pile.

Solution.

W = 5,000 lb, h = 6.5 feet

s = set or penetration in inches per blow = 6 in / 7 blows = 0.86 inches / blows = set or penetration in inches per blow = 6 in / 7 blows = 0.86 inches / blow

Qall        = 2 W h / (s+1) (from table for drop hammer)
= (2)(5000)(6.5) / (0.86 +1) = 34.8 kips



Example 2.

A steel HP 14x73 pile was installed by using a Delmag D-22 double acting hammer 
having a rated energy of 39,800 ft-lb. Dr iving records showed 54 blows for the last 9 
inches of dr iving.  Estimate the allowable load on this pile.

Solution.

E = 39,800 ft-lb, s = 9/54 = 0.167 in./blow

Qall = 2E / (s + 0.1) = (2)(39,800) / (0.167 + 0.1) = 298 kipsQall = 2E / (s + 0.1) = (2)(39,800) / (0.167 + 0.1) = 298 kips



Example 3.

Select a suitable dr iving hammer for a 
highway br idge that will be suppor ted on 
14”  x 14”  square precast prestressed 
concrete piles (PSPC) at a mid stream, and 
establish the dr iving cr iter ion for a 50-ton 
capacity pile with a FS = 3.

Solution.

Design load Q = 100 kipsDesign load Qall = 100 kips
Concrete pile length L = 50 feet
Width of pile b = 14 in, 

and assume that the dr iving cushion is
made up of plywood boards, so that the
coefficient of restitution for plywood  n = 0.4



Weight of the pile Wp = (14/12)2(50 feet)(0.150 kips/ft3) = 10.2 kips

Try a, Weight of the ram Wr = 14 kips (for an MKT S-14, see table on next slide)

Check the ratio of  Wr / Wp = 14 / 10.2 = 1.37  <  1.5    which is satisfactory.

The MKT S-14 hammer ’s energy  HE = 37.5 ft-kips

The height of fall of the ram h = HE / Wr = 37.5 ft-kips  / 14 kips  = 2.67 feet

and that hammer has an efficiency  e= 0.9.and that hammer has an efficiency  e= 0.9.

The elastic compression of the pile cap,  sc = 0.37 in
The elastic compression of the pile itself, sp = 0.006 L = 0.006(50) = 0.30 in
The elastic compression of the soil, ss = 0.10 in



Blows

Hammer Type Wt. Ram per Energy Per Blow

kN kips 103kg Min. kNm ft-kips kgfm

Vulcan, Raymond 1 Single-acting 22 5 2.3 60 20 15 2080

Vulcan, Raymond 0 Single-acting 33 7.5 3.4 50 66 24.4 3380

Vulcan 040 Single-acting 178 40 18 60 163 120 16630

Vulcan 3150 CT Single-acting 668 150 68 60 610 450 62360

MKT S-5 Single-acting 22 5 2.3 60 22 16.3 2260

Table of most commonly used dr iving diesel hammers.

MKT S-5 Single-acting 22 5 2.3 60 22 16.3 2260

MKT S-14 Single-acting 62 14 6.4 60 51 37.5 5200

MKT C-5 Double-acting 22 5 2.3 110 22 16 2220

MKT 11B-3 Double-acting 22 5 2.3 95 26 19.1 2650

MKT C-826 Compound 36 8 3.6 95 33 24 3330

Vulcan 80C Differential 36 8 3.6 111 33 24.5 3400

Vulcan 140C Differential 62 14 6.4 103 49 36 5000

Raymond 0-30 Hydraulic 29 6.5 3.0 130 26 19.5 2700

MKT C-826 Diesel 9 2 0.9 48 22 16 2220

MKT C-826 Diesel 18 4 1.8 48 43 32 4430

Link Belt 520 Diesel 23 5.1 2.3 80-84 41 30 4160

Kobe K-32 Diesel 32 7.1 3.2 40-60 81 60.1 8330

Delmag D-39 Diesel 29 6.6 3.0 39-60 74 54.3 7520
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