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NOTATION
PRECAST PRESTRESSED CONCRETE PILES

A = gross cross-section area of pile

Ac =  area of column core measured to outside of 
transverse confining reinforcement

[STD], [LRFD]

Ac =  area of concrete on the flexural tension side of the 
member

[LRFD]

Acc =  circular core area (for circular strand pattern with 
circular spiral)

Acs =  square core area (for square strand pattern with 
square wire wrap)

Ag = gross cross-section area of column

Aps = total area of prestressing steel

Aps = area of one strand [LRFD]

Ap1, Ap2 =  area of prestressing strands on either side of the 
neutral axis

As = area of nonprestressed tension steel [STD], [LRFD]

= area of mild steel reinforcement [STD], [LRFD]

Ash = area of wire or bar used in hoop

Asp = area of wire or bar used in spiral

Av = area of transverse reinforcement [STD], [LRFD]

a = depth of equivalent rectangular stress block [STD], [LRFD]

ag = maximum aggregate size

b = width of pile

bv = effective width used for shear calculations [LRFD]

C = resultant compressive force in the concrete

Cc = resultant compressive force in the concrete

Cm = moment gradient coefficient [LRFD]

c =  distance from extreme compression fiber to 
neutral axis

[STD], [LRFD]

dc =  diameter of core measured out-to-out of spiral

de =  effective depth from extreme compression fiber 
to the centroid of the tensile force in the tensile 
reinforcement

[LRFD]

dp =  distance from extreme compression fiber to the 
centroid of the prestressing tendons

[LRFD]

dv = effective shear depth [LRFD]

Ec = modulus of elasticity of concrete [STD], [LRFD]

Eci = modulus of elasticity of concrete at transfer [LRFD]

EI = flexural stiffness [STD], [LRFD]

Ep = modulus of elasticity of prestressing tendons [LRFD]

Eps = modulus of elasticity of prestressing tendons

Es = modulus of elasticity of reinforcing bars [LRFD]

Es = modulus of elasticity of prestressing tendons [STD]

e = eccentricity of axial load on pile
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NOTATION
PRECAST PRESTRESSED CONCRETE PILES

Fpe = effective prestress force in strands

Fpi =  total prestress force in strands before any losses

Fpj =  total prestress force in strands before any losses

Fpo =  total effective prestress force in strands 
immediately after transfer

f = governing allowable stress

fa = governing allowable stress in concrete

fc = service load compressive stress in pile

fc = allowable compressive stress

fc1, fc2, fc3 = concrete compressive stress limits

f ć =  specified compressive strength of concrete for use 
in design

fca =  compressive stress limit for shipping and field 
handling

fcgp =  concrete stress at center of gravity of prestressing 
steel at transfer (compression is positive)

[LRFD]

fcgp =  initial effective prestress force, which may be 
estimated as 0.7 fpu multiplied by the total area of 
prestressing strands divided by the cross-sectional 
area of the pile

f ći =  specified compressive strength of concrete at time 
of initial loading or prestressing

[STD], [LRFD]

fcia = compressive stress limit for handling

fpc = effective prestress in concrete after all losses

fpc = effective precompression in concrete

fpco = effective prestress in concrete at transfer

fpe = effective prestress in strands after all losses [LRFD]

fpi = initial stress in strands before any losses

fpj = initial stress in strands before any losses

fpo =  effective prestress in the concrete at time of 
transfer

fpo =  a parameter taken as modulus of elasticity of 
prestressing tendon multiplied by the locked-
in difference in strain between the prestressing 
tendon and the surrounding concrete

[LRFD]

fps =  average stress in prestressing steel at the time 
for which the nominal resistance of member is 
required

[LRFD]

fpse =  effective stress in prestressing strand at the time of 
study

fpy = yield strength of prestressing steel [LRFD]

fpu = specified tensile strength of prestressing steel [LRFD]

fp1, fp2 =  stress in prestressing strands at strength limit state

ft = allowable tensile stress
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NOTATION
PRECAST PRESTRESSED CONCRETE PILES

fta =  tensile stress limit for shipping and field handling

ftia = tensile stress limit for handling

fy = yield stress of mild steel reinforcement [LRFD]

fyh =  yield strength of transverse confining 
reinforcement

[LRFD]

H = sum of horizontal loads acting on footing

H = relative humidity

HA = horizontal load on batter piles in Row A

h´ = effective height of the pile

h /́r = slenderness ratio

hc =  core dimension measured center-to-center 
of transverse confining reinforcement in the 
direction under consideration

[LRFD]

I = moment of inertia [STD], [LRFD]

Is =  moment of inertia of the reinforcing taken about 
the centroid of the column

[STD], [LRFD]

k = effective length factor for columns [STD], [LRFD]

L = total length of pile

la
= length of pile above ground surface [STD], [LRFD]

lPOF
=  length of pile between the ground surface and the 

point of fixity

lu
=  unsupported length of a compression member [STD], [LRFD]

M = maximum moment values

M =  summation of moments about the center of 
gravity of the pile group

Mc =  magnified moment used for proportioning slender 
compression members

[LRFD]

Mn = nominal flexural resistance [STD], [LRFD]

Mnx =  component of the nominal flexural resistance 
about the x-axis

[STD]

Mny =  component of the nominal flexural resistance 
about the y-axis

[STD]

Mrx =  factored moment resistance based on uniaxial 
bending about the x-axis only

[LRFD]

Mry =  factored moment resistance based on uniaxial 
bending about the y-axis only

[LRFD]

Mu = factored moment at section [STD], [LRFD]

Mux = factored applied moment about the x-axis [STD], [LRFD]

Muy = factored applied moment about the y-axis [STD], [LRFD]

MWS = moment due to wind load on structure

M1b =  smaller end moment on compression member 
due to gravity loads that result in no appreciable 
sidesway; positive if member is bent in single 
curvature, negative if bent in double curvature

[STD]
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NOTATION
PRECAST PRESTRESSED CONCRETE PILES

M2b =  moment on compression member due to factored 
gravity loads that result in no appreciable 
sidesway calculated by conventional first order 
elastic frame analysis; is always positive

[STD]

M2s =  moment on compression member due to factored 
lateral or gravity loads that result in sidesway 
calculated by conventional first order elastic frame 
analysis; always positive

[STD]

m =  batter of piles expressed in in. (horizontal) per ft 
(vertical)

Nu =  applied factored axial force taken as positive if 
tensile

[STD], [LRFD]

n = number of piles in the group

nb = number of batter piles in a row

PA = axial load in batter piles

Pa = allowable service level axial load

PDC = axial load due to dead load

Pe = Euler buckling load [LRFD]

PEQ = axial load due to earthquake loading

PLL = axial load due to live load

Pn = nominal axial resistance [STD], [LRFD]

Po =  nominal axial resistance of a section at 0.0 
eccentricity

[STD], [LRFD]

Pp =  service load capacity of pile from geotechnical 
analysis

Pr = factored axial resistance

Prx =  factored axial resistance with uniaxial bending, 
Mux, about the x-axis only

[LRFD]

Prxy =  factored axial resistance in biaxial compression [LRFD]

Pry =  factored axial resistance with uniaxial bending, 
Muy, about the y-axis only

[LRFD]

PS = total service load

Pu = factored axial load on pile [STD], [LRFD]

R = reaction at lifting loop location

r = radius of gyration about the axis of bending [STD], [LRFD]

S = section modulus of pile

s = vertical spacing of transverse reinforcement

sx = crack spacing parameter [LRFD]

sxe = cracking space parameter [LRFD]

T1, T2 =  tensile force resultants for the prestressing strands 
on either side of the neutral axis

t = time from tensioning strand to transfer [LRFD]

V =  summation of vertical loads acting on footing 

V´ = vertical force in batter piles
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VA = vertical load on batter piles in Row A

Vc =  nominal shear resistance provided by tensile 
stresses in the concrete

[STD], [LRFD]

Vi =  individual pile axial reaction resulting from 
moment, M, and axial load, V

Vn =  nominal shear resistance of the section considered [STD], [LRFD]

Vp =  component in the direction of the applied shear 
of the effective prestressing force

[LRFD]

Vs =  shear resistance provided by shear reinforcement [STD], [LRFD]

Vu = factored shear force at section [LRFD]

w = actual weight of pile

w´ = weight of pile with 11⁄2 factor

wc = unit weight of concrete [STD], [LRFD]

xi =  distance from individual pile i to center of gravity 
of pile group

yc =  the distance from the neutral axis to the resultant 
compressive force, Cc

yt =  the distance between tensile force resultants, T1 
and T2

α =  angle from the x-axis to the biaxial bending 
resultant

α =  stress factor for parabolic stress block for concrete

β =  factor indicating ability of diagonally cracked 
concrete to transmit tension

[LRFD]

β =  compression resultant location factor for parabolic 
stress block

βd =  ratio of factored permanent moment to factored 
total moment

[STD], [LRFD]

γ = load factor [LRFD]

Δfcdp =  change in concrete stress at center of gravity of 
the prestressing steel due to permanent loads, 
with the exception of the load acting at the time 
the prestressing force is applied

[LRFD]

ΔfpCR =  loss in prestressing steel due to creep of concrete [LRFD]

ΔfpES =  loss in prestressing steel due to elastic shortening [LRFD]

Δf ṕES = assumed elastic shortening loss

ΔfpR1 =  loss in prestressing steel stress due to relaxation of 
steel at transfer

[LRFD]

ΔfpR2 =  loss in prestressing steel stress due to relaxation of 
steel after transfer

[LRFD]

Δfps = change in stress of prestressing strand

ΔfpSR =  loss in prestressing steel stress due to shrinkage [LRFD]

ΔfpT = total loss in prestressing steel stress [LRFD]

Δεps = strain in prestressing steel

NOTATION
PRECAST PRESTRESSED CONCRETE PILES
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Δεp1, Δεp2 =  change in strain of prestressing strands at strength 
limit state

δb =  moment or stress magnifier for braced mode 
deflection

[STD], [LRFD]

δs =  moment or stress magnifier for unbraced mode 
deflection

[STD], [LRFD]

εc = strain in concrete [LRFD]

εcu = failure strain of concrete in compression [LRFD]

εx =  calculated longitudinal strain at middepth of the 
member subjected to Mu, Nu, and Vu

[LRFD]

q =  angle of inclination of diagonal compressive 
stresses

[LRFD]

ρs =  ratio of spiral volume to concrete core volume [LRFD]

f =  Resistance factor according to Standard/LRFD 
Specifications

[STD], [LRFD]

NOTATION
PRECAST PRESTRESSED CONCRETE PILES
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Precast Prestressed  
concrete Piles

Pile foundation systems are often the most practical solution where forces delivered 
to the foundation level of a bridge cause excessive or uneven bearing pressures on 
spread footings, or where footings cannot be founded directly on rock or on granular 
or stiff cohesive soils at a reasonable depth. Piles are also recommended where there 
is potential for scour or where spread footings may be subjected to an unacceptable 
level of settlement.

Because of its excellent resistance to decay and corrosion, prestressed concrete piling 
is generally the preferred choice for permanent, durable and economical founda-
tions (Figure 20.0-1). Designers rely on prestressed concrete piles driven through 
deep water or thick layers of unsuitable soils to provide support for bridge struc-
tures. Prestressed concrete piles can be designed to safely support the heavy vertical 
loads imposed by these types of structures in addition to horizontal loads caused by 
traffic, wind, waves, vessel impact, earthquakes and other actions. Using piles that 
have been precast in a manufacturing plant ensures consistently high quality and 
uniformity, makes use of inexpensive local materials, and reduces construction time. 
Pretensioning introduces compression into the pile, which counteracts the tensile 
stresses resulting from handling, buckling tendencies, driving eccentricity or stress 
waves generated during driving. Under service conditions this compression enables 
piles to resist axial tension and bending stresses. Using proven splicing methods, pre-
stressed concrete piles can be driven to any length. For these reasons, an increasingly 
large number of bridge structures in the United States are supported by prestressed 
concrete piling.

20.0
INTRODUCTION

Figure 20.0-1
Precast Piles for Flat Slab 

Bridge
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This chapter is a comprehensive presentation of practical information on current 
design procedures and details for prestressed concrete piles. It includes considerations, 
procedures and details used in the design, fabrication, transportation and installation 
of prestressed concrete piling, so that designers are exposed to all stages in the life of a 
pile. Structural aspects of pile design are addressed in detail, but geotechnical consid-
erations are only discussed briefly. While AASHTO Specifications govern the design 
of bridges, other applicable standards, specifications and publications are cited and 
discussed throughout the text and are listed at the end of the chapter to enable the 
reader to investigate particular topics in more detail. With the information presented 
in this chapter, bridge designers will be equipped to take advantage of the flexibility 
and economy of precast, prestressed concrete piling.

The information in this chapter has been assembled from a variety of owner, designer 
and industry sources around the United States, Canada and New Zealand in an 
attempt to represent the prestressed concrete piling industry as a whole and to make 
the content relevant to all bridge designers. It is intended to portray the most com-
mon practices and details currently in use without precluding other more specialized 
applications of prestressed concrete piling. Designers should consult local design 
specifications and precast manufacturers to determine piling shapes, sizes, practices 
and details available in any particular region of the country.

The analysis of structures or foundations to determine design loads in piles is not 
addressed in this chapter; other design references should be consulted for this 
information.

20.1
SCOPE

20.1 Scope
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Many of the advantages of using prestressed, precast concrete piles are common to all 
precast members. They include economy, availability, versatility, quality of the fin-
ished product, and reduced fabrication and construction times. Prestressed concrete 
piles also offer the following advantages when compared to other types of driven piles 
or cast-in-place concrete piles or shafts:

High Load Carrying Capacity – Prestressed concrete piles have very high axial load 
carrying capacities. With a higher allowable load per pile, fewer piles are required, 
which may result in smaller footings and generally lower costs per unit of weight 
supported. In many cases, the axial capacity of prestressed concrete piles is limited 
by soil conditions.

Excellent Durability – The combination of dense, high-quality concrete and a 
permanent axial compressive stress along the length of the pile results in a product 
with minimal cracking and very high resistance to moisture penetration. Both 
experience and accelerated corrosion tests have proven that prestressed concrete 
piles are extremely durable, even under the most severe conditions of exposure.

Ease of Handling, Transportation and Installation – The uniform axial compres-
sion, overall strength and increased lateral stiffness of piles in any direction mean 
that fewer lift points are required. This facilitates transportation and handling 
and contributes to lower overall installation costs.

Ability to Resist Hard Driving Stresses – The overall strength of precast concrete 
piles, together with the axial compression induced by prestressing, permits 
them to undergo hard driving through loose or dense soils using high-energy 
hammers.

Increased Capacity and Column Strength – The relatively large tip area allows 
prestressed concrete piles to resist substantial loads in end bearing to supplement 
resistance provided by skin friction along the sides of the piles. The bending resis-
tance of piles subject to eccentric or lateral loads can be improved by increasing 
the effective prestress in the pile.

Resistance to Uplift – Prestressed piles can be utilized effectively in tension. A high 
degree of uplift can generally be resisted by the weight of the pile and by the 
transfer of tension forces from the pile to the soil across the pile-soil interface.

Densification of Surrounding Soils – The vibration of granular soils during the 
driving process tends to compact the material surrounding the piles so that it 
becomes denser as successive piles are driven. This densification increases the 
available unit friction and end bearing resistance. Solid prestressed concrete piles 
also displace a larger volume of soil during driving than thin-walled piling mem-
bers such as steel H-piles, which tends to compact the soils even further.

20.2
PILE CHARACTERISTICS

20.2.1
Advantages

20.2 Pile Characteristics/20.2.1 Advantages
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Available pile shapes and sizes vary by region and by manufacturer through-
out the United States, but the majority of prestressed concrete piles used today 
are either square, octagonal or round (cylindrical) in cross-section, as shown in  
Figure 20.2.2.1-1. Typical sizes range from 10-in. square solid piles to 66-in. diam-
eter hollow cylinder piles. Appendix B gives section properties, prestressing strand 
patterns, typical spiral reinforcement details and allowable service loads for the most 
common prestressed pile cross-sections and sizes and concrete strengths. Bridge 
designers should consult owner agencies and local prestressed concrete manufacturers 
to determine the pile products that are available in a given area.

Square – Square solid piles are the simplest to manufacture and are generally 
available throughout the United States. The larger sizes of square piles may be 
cast with circular internal voids to reduce the cross-sectional area. The reduced 
area requires fewer strands to obtain the same effective prestress and reduces the 
weight of the pile for shipping and handling.

Octagonal – Octagonal piles are popular in some regions of the United States and 
are gaining popularity in other areas where recent code changes make ductility 
more of a governing code requirement for seismic design. Strands are typically 

20.2.2
Pile Sections and Details

20.2.2.1
Typical Cross-Section Shapes

20.2.2 Pile Sections and Details/20.2.2.1 Typical Cross-Section Shapes
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positioned in a circular pattern within a circular spiral. In many cases, these piles 
are more economical than square piles because of the material savings that can 
be achieved.

Cylinder – Cylinder piles are often used in situations requiring foundation mem-
bers with exceptionally large axial, buckling and/or bending capacities. They 
can also be carried up to the superstructure level, thereby eliminating the need 
for a separate column. Cylinder piles can be produced using several methods, as 
discussed in Section 20.7.1.1.3. In some cases, cylinder piles are cast in segments 
that are joined together and post-tensioned to form the completed pile. In most 
cases, the void extends completely through the pile.

Several details of prestressed concrete piles are discussed briefly below. Additional 
information is provided in Section 20.5.3.

 
Prestressing is applied to piles by using pretensioned strands in long line beds as 
shown in Figure 20.2.2.2-1. A notable exception is cylinder piles, which may be 
comprised of short segments (see Sect. 20.7.1.1.3). Typically, the prestressing strands 
are the only longitudinal reinforcement in the piles. Mild reinforcing steel is only 
used under special circumstances, and only in limited portions of the pile. An exam-
ple of this might include bars placed in the head of the pile to provide for moment 
transfer between the pile and cap (see Sect. 20.6.2).

20.2.2.2
Longitudinal Reinforcement

20.2.2.1 Typical Cross-Section Shapes/20.2.2.2 Longitudinal Reinforcement

Figure 20.2.2.2-1
Long-Line Casting Bed for 

Prestressed Piles
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Prestressing strands and any mild reinforcement in a pile should be distributed evenly 
around the perimeter with a minimum of four strands being used. The longitudinal 
steel should be enclosed with spiral confinement reinforcement for the full length of 
the pile, as discussed below.

 
Commonly used prestressing strand patterns are shown in Figure 20.2.2.1-1. Square 
strand patterns and square confinement steel arrangements are often used in square 
piles, particularly in short-span bridge applications where pile sizes tend to be smaller, 
or where flexural design requirements are significant. Circular strand patterns and 
spirals are used in some larger square piles with or without circular voids, and in 
octagonal and cylinder piles. Standard strand patterns and spiral arrangements are 
often used with a particular pile size for a particular application and region of the 
country. However, lateral load requirements or other special conditions may neces-
sitate changes to the arrangement and number of strands.

 
Confinement reinforcement is provided to confine the concrete within the core of the 
pile and to control any longitudinal cracks that may form during handling, driving or 
under design load conditions. Most piles use a 5 gauge (W3.4) wire spiral surround-
ing the strands for this reinforcement. The spiral is fabricated as either a square or a 
circle, depending on the arrangement of the strands. The spiral pitch (longitudinal 
spacing between turns) is normally 6 in. over most of the pile length. The turns of the 
spiral are more closely spaced at the ends of the pile to absorb energy and resist split-
ting forces during driving. Such a design is used where piles are not subject to seismic 
activity and have no special detailing or design requirements (Fig. 20.2.2.3-1).

Bridge foundation piles subject to seismic loads, vessel impact or other extreme 
events, may undergo large displacements and curvatures. Under such conditions, 
the designer must consider the ductility of the pile and the ability of the pile to 
sustain cyclic movements and reversals of curvature. Section 20.5.4.2 provides guide-
lines for the design of confinement reinforcement in piles subject to seismic loads. 
Reinforcement meeting seismic requirements confines the core of the pile, increasing 
the ductility of the pile and enabling the pile to withstand the anticipated displace-
ments and curvatures.

Considerable research, both completed and ongoing, has been done to determine the 
elastic and post-elastic behavior of prestressed concrete piles subject to large lateral 
displacements and curvatures, and to load reversals. Research on the use of higher 
strength spiral wire may soon lead to a reduction in the spiral area required and an 
increase in pitch for piles used in seismic applications (Pessiki, et al, 2000; Pessiki, 
et al, 2001). The resulting increase in clear space between spiral turns will facilitate 

20.2.2.3
Confinement Reinforcement

20.2.2.2.1
Prestressing Strand Patterns

20.2.2.2 Longitudinal Reinforcement/20.2.2.3 Confinement Reinforcement
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consolidation of the concrete during casting, which is sometimes difficult with cur-
rent design requirements.

Piles are intended to transmit foundation loads to deeper soil layers in situations where 
the soils at the footing level are too weak or too compressible to provide adequate 
support or when uplift capacity is required. Depending on the type of support pro-
vided by the surrounding soils and their stratification, piles are generally denoted as 
“friction” or “end-bearing.” Most piles, however, achieve their total capacity through 
a combination of these two actions. Though driven piles in a bridge structure are nor-
mally called upon to transmit vertical loads to the surrounding soil, they may also be 
used to resist lateral loads, such as may result from earth pressure, wind, earthquake, 
vehicular braking or vessel impact. Because the lateral capacity (“moment resistance”) 
of a vertical pile is generally small compared to its axial capacity, piles are sometimes 
driven at an angle (“battered”) to increase their resistance to lateral loads.

 
A friction pile derives its primary support from the surrounding soil through shear 
resistance at the pile-soil interface. The bearing resistance at the tip of a pile designed 
for friction only is neglected. Despite its name, the shear forces along a friction pile 
may not be derived exclusively from friction, but may also be the result of adhesion 
between the soil and the pile. Prestressed concrete piles driven in cohesive soils (e.g., 
clays) may gain an appreciable portion of their resistance from adhesion, while piles 
driven in granular soils tend to develop a greater proportion of shear resistance from 
friction. In either case, the capacity of friction piles depends on the ability of the 
soil to distribute shaft loads to the soil without excessive settlement of the supported 
structure. As a rule, the soil capacity of an axially loaded friction pile is such that its 
structural capacity usually does not govern design.

Skin friction can also cause an additional downward load on a pile when it is driven 
into or through subsiding soil, such as at abutment locations or when fill is placed 
over compressible soils. Section 20.4.4.3 discusses negative skin friction or “down-
drag” and its importance in design.

 
End-bearing piles, as their name implies, derive the majority of their support from 
the soil or rock near the tip of the pile. Also known as “point-bearing,” this type of 
pile is generally driven through successive strata of soil with low frictional resistance 
until the tip is embedded in a material with high resistance to further penetration. 
The capacity of end-bearing piles depends on the bearing capacity of the soil or rock 
at the tip and the structural capacity of the pile itself. Settlement is generally not as 
critical as with friction piles, since it is affected primarily by the compression of the 
materials beneath the pile tip, which tend to be stiffer than the upper soil layers.

The choice of an appropriate size of pile or shape of tip for an end-bearing pile is 
often dependent on the properties of the layer into which the tip is embedded. If the 
stratum is fairly thick but only moderately stiff, it may be better to drive a pile with 
a tip diameter that is small but still capable of transmitting the driving stresses to the 
tip without excessive loss of energy. Such a pile could be driven to penetrate several 
feet into the firm stratum and develop the required capacity from a combination 
of direct bearing at the tip and intense skin friction within the zone of penetration. 
Alternatively, a pile with a large tip diameter could be used to provide additional sur-
face area when the bearing stratum is not exceptionally firm. The capacity of such a 
pile would not be enhanced by surface friction from wedging in the bearing stratum, 
but would derive nearly all its capacity from end bearing. This type of pile may also 

20.2.3.1
Friction Piles

20.2.3
Typical Applications

20.2.3.2
 End-Bearing Piles

20.2.2.3 Confinement Reinforcement/20.2.3.2 End-Bearing Piles
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be appropriate in situations where the bearing stratum is firm but relatively thin, so 
that a smaller pile might punch through it.

In contrast to the concise conditions of support implied by the classification of piles 
as either “friction” or “end-bearing,” the pile-soil interaction behavior in an actual 
structure is rarely that simple. For example, at a particular bridge site the stiffness or 
relative density of the subsoil may increase with increasing depth. Piles may be driven 
through the soft upper layers into the progressively stiffer layers until the required 
capacity is achieved. Such piles derive an appreciable portion of their resistance from 
friction/adhesion with the surrounding material, particularly over the lower portion 
of the pile length, but also derive considerable support from bearing at the tip. The 
behavior of combined friction and end-bearing piles is such that both the side resis-
tance and end-bearing components are of sufficient relative magnitude that neither 
can be ignored.

 
All piles have some lateral load-carrying capacity depending on their size, their 
flexural rigidity and the stiffness of the surrounding soil material. When even larger 
lateral loads are to be resisted by a pile foundation, however, it is common practice to 
drive some of the piles at an angle with the vertical (i.e., “batter” or“inclined” piles), 
as shown in Figure 20.2.3.4-1. This is usually done when the magnitude of lateral 
force exceeds the lateral capacity of a vertical (plumb) pile arrangement that has been 
sized to resist the applied vertical forces. Such is often the case with long-span bridge 
structures exposed to high wind loads, bridge foundations in water that may be sub-
ject to vessel collision loads, or concrete bridges with a large degree of longitudinal 
post-tensioning and integral superstructure/substructure connections. The resulting 
“A-frame” action provides an effective means of resisting lateral loads and can be a 
very cost effective way to design footings, particularly for ship impact applications. In 
addition, batter piles are often required at bridge end bents, abutments or retaining 
walls, where lateral earth pressures may cause excessive movement of a cap or wall 
footing supported solely by vertical piles.

20.2.3.4
Batter Piles

20.2.3.3
Combined Friction and  

End-Bearing Piles

20.2.3.2 End-Bearing Piles/20.2.3.4 Batter Piles

Figure 20.2.3.4-1
Batter Piles with Exposed 

Strands
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20.2.3.5 
Moment-Resisting Piles

Both LRFD Article 10.7.1.6 and Article 2.1.7 of ACI 543R-00 (Design, Manufacture 
and Installation of Concrete Piles (2000)), caution against the use of batter piles when 
the structure may be subject to large seismic forces or displacements. These members 
tend to restrain lateral displacement of the structure at the foundation level and may 
require axial ductility that cannot be achieved in a practical manner. Batter piles 
should also be avoided when large downdrag (negative skin friction) forces are antici-
pated, since these forces induce bending moments in batter piles.

Section 20.5.8.4 presents additional information concerning the structural design of 
batter piles.

 
As was previously stated, past design practice was based on the premise that piles only 
carry axial load. Batter piles were supplied to transmit lateral loads from the footing 
to the surrounding soil. The earliest attempts to analyze the effects of lateral loads on 
vertical piles using numerical methods date back to the 1950s and have continued 
ever since. Numerous procedures for estimating the capacity of laterally loaded piles 
have been developed, including those given in Davisson and Gill (1960, 1963) and 
Kocsis (1976), both of which provide methods for determining an equivalent depth 
of fixity for use in structural models and for estimating maximum pile moments. 
More recent methods involving P–y analyses are demonstrated in Barker, et al (1991) 
and Reese (1984). A large number of load tests have since verified that vertical piles 
do indeed resist lateral loads via shear, bending and lateral soil resistance. Modern 
software programs, such as FB-Pier (2001), are now able to consider even more 
complex aspects of pile behavior, including the interaction between pile, cap and sur-
rounding soil; P–Δ effects from lateral loads; and even nonlinear effects in both the 
soil and the structure.

Lateral forces on piles are caused by a number of sources, including wind, waves, ice 
flow, earth pressure, vessel impact, vehicular breaking forces and earthquakes. The 
ability of vertical piles to resist these forces is dependent on such factors as the pile 
shape and stiffness properties, subsurface conditions, relative elevation of the pile 
cap with respect to the ground elevation, degree of fixity of the pile-cap connection, 
pile spacing and the magnitude of axial loads. In evaluating the lateral capacity of an 
individual pile or a pile in a group, the resistance provided by the surrounding soil 
is usually beneficial and should be considered. It is important, however, to ensure 
that the soil will be present during the loading condition under consideration. This 
will not be the case, for example, if the surrounding material has been scoured away 
during a storm or has been removed for other reasons. Design methods should also 
consider the presence or absence of concurrent axial loads for the lateral load being 
analyzed. Compression in the piles tends to increase the bending capacity of the pile 
while axial tensile forces tend to decrease the capacity. When lateral load effects on 
piles appear to be critical, it may be necessary to verify capacities using more detailed 
analyses or in-service field tests.

Several other issues concerning moment-resisting piles must be considered during 
design when applicable. The first involves lateral load capacities for pile groups. It 
should be noted that the lateral capacity for a pile group is less than the sum of the 
capacities of the individual piles. This is the result of increased lateral deflections and 
increased individual pile moments due to pile-soil interaction within the pile group. 
LRFD Eq. (10.7.3.11-1) modifies individual pile resistances to account for this 
effect. The second issue involves the lateral response of piles subjected to “extreme 
event” or catastrophic loading conditions, such as an earthquake or vessel impact. 
These types of loading situations often involve lateral forces and displacements of a 

20.2.3.4 Batter Piles/20.2.3.5 Moment-Resisting Piles
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large magnitude and relatively short duration, with a potential for load reversal and/
or cyclic behavior. Pile to cap connections for these types of applications may require 
special details, some of which are presented later in this chapter.

20.2.3.5 Moment-Resisting Piles
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20.3
MATERIALS

Material properties and requirements for prestressed concrete piles follow those for 
precast, prestressed concrete members in general, as described in Chapters 2 and 3 in 
this Manual. However, because piles are subject to long-term contact with soil and 
moisture, special consideration must be given to using appropriate materials to ensure 
that their short- and long-term performance is satisfactory. In addition to satisfying 
the requirements from Chapter 2 and those from applicable AASHTO materials 
specifications, designers must also consider local or state specifications governing the 
use and availability of certain products or materials on a project.

Cement for prestressed concrete piles should conform to the LRFD Specifications (or 
Standard Specifications, as required), relevant project specifications and the material 
specifications referenced in Section 2.3.1 of this Manual. Selection of the appropriate 
cement type and other constituents for a particular bridge project should be based on 
the exposure conditions to which the piles will be subjected, in addition to strength, 
strength gain and workability requirements. In general, cements for prestressed con-
crete piling should conform to AASHTO M85 (ASTM C150), Portland Cement 
(Types I, II, III and V).

Type III cement (high early strength) is often used for piles to facilitate rapid reuse of 
the forms. Because piles are in permanent contact with soil, and often with water as 
well, resistance to sulfate and chloride attack may be a very important property.

The principal consideration in selection of a cement type for sulfate resistance is the 
tricalcium aluminate (C3A) content. ACI 543R-00 references ACI 318-95 (identical 
to ACI 318-99 and -02, Building Code Requirements for Structural Concrete, (1999, 
2002)) limitations on C3A content as follows:

 •  8% maximum for moderate exposure to sulfate-containing soils or waters 
(soils containing 0.1% to 0.2% by weight of water-soluble sulfate or water 
containing 150 to 1,500 ppm sulfate)

 •  5% maximum for severe sulfate exposure (sulfate concentrations greater than 
0.2% or 1,500 ppm)

AASHTO M85 cements meeting these requirements are classified respectively as 
Type II (moderate sulphate resistance) and Type V (high sulphate resistance). A num-
ber of Type III cements also meet these requirements. Type V cement is not readily 
available in all parts of the country, in which case ACI 543R-00 and some state high-
way specifications recommend substitution of Type II cement combined with Type F 
fly ash. Some evidence even suggests that for the higher strength concretes used with 
prestressed piles, the use of Type V concrete may not be absolutely necessary, even for 
severe sulfate exposure conditions. In any case, it is suggested that local prestressed 
concrete manufacturers be consulted for readily available cements, as special require-
ments will affect cost and performance.

For prestressed concrete piles exposed to seawater, tests show that cement containing 
5% to 8% tricalcium aluminate exhibit less cracking as a result of steel reinforcement 
corrosion than cement with less than 5% (ACI 201.2R-01, 2001). It has been deter-
mined that cements with these lower C3A contents (Type V), although they provide 
increased sulfate resistance, tend to increase the risk of steel corrosion (chloride 
exposure). It is therefore recommended that Type V cement not be used for piles in 
seawater or other chloride environments.

20.3.1
Concrete

20.3.1.1
Cement

20.3 Materials/20.3.1.1 Cement
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Fly ash, slag, silica fume (microsilica) or other pozzolanic materials may be combined 
with cement to enhance certain characteristics of concrete. Although these poz-
zolanic, or pozzolanic-type, materials are often combined with cement to produce 
higher compressive strengths, their use in piles is primarily to increase long-term 
durability. When combined in the proper proportions, the result is generally a denser, 
less porous concrete with greater resistance to chloride and sulfate penetration. The 
requirements and limitations on the use of these types of cementitious materials 
should conform to the specifications in Chapter 2. Many state highway department 
specifications also have requirements for their use under certain exposure conditions 
or limit their proportions relative to the cement content.

 
Fine and coarse aggregates for prestressed concrete piles should meet the require-
ments of AASHTO M6 and AASHTO M80, respectively, as stated in Chapter 2. 
Aggregates failing to meet all the provisions of these standards, but which have been 
shown by special test or actual service to produce concrete of adequate strength and 
durability, may be used with approval of the governing authority. If aggregates sus-
ceptible to alkali-aggregate reactivity are used in prestressed concrete piles, special 
precautions must be observed. These include the use of low alkali cements, blended 
cements or pozzolans. Special attention should be paid to the type, distribution and 
maximum size of aggregate to promote proper mixing and consolidation, particularly 
for concrete mixes employing pozzolanic materials and those used with closely spaced 
confinement reinforcement (e.g., seismic applications). ACI 318-02 Building Code 
Requirements for Structural Concrete (2002) and Chapter 3 of this Manual give guid-
ance concerning recommended maximum aggregate sizes.

 
Water used for washing aggregates, mixing concrete or curing concrete must be clean 
and free of oil, salt, acid, alkali and deleterious substances (i.e., potable quality). 
Mixing water for concrete should not contain a chloride ion concentration in excess 
of 1,000 ppm or sulfates in the form of SO4 in excess of 1,300 ppm, as stated in 
Chapter 2.

 
All admixtures in a given concrete mix must be compatible with each other and with 
the particular cement being used. Certain combinations of admixtures may further 
improve handling, placement, finishing and performance characteristics of the con-
crete. A complete description of concrete admixtures, including their uses, limitations 
and governing specifications, is given in Chapter 2 of this Manual. A brief discussion 
of admixtures used for prestressed concrete piles follows.

Air-Entraining Admixtures – Air-entraining admixtures are recommended for 
use in piles that will be subjected to cycles of freezing and thawing or wetting 
and drying. It is important to specify the appropriate amount of air entrainment 
because too much will lower the strength and too little will prove ineffective.  
ACI 201.2R, Guide to Durable Concrete, recommends that the entrained air con-
tent of fresh concrete be in the range of 3% to 7%, depending on the size of coarse 
aggregate and on the severity of exposure. The need for air entrainment is reduced 
in the high-strength concrete mixes generally specified for prestressed piles because 
of their high density and low permeability. High performance concretes (HPC), 
and other mixes using pozzolanic-type materials for durability considerations, 
normally will not benefit significantly from using air entrainment. In some cases, 
however, air-entraining admixtures may be used to improve workability of mixes, 
especially for piles with very tightly spaced confinement reinforcement.

20.3.1.2
Other Cementitious Materials

20.3.1.3
Aggregates

20.3.1.4
Water

20.3.1.5
Admixtures

20.3.1.2 Other Cementitious Materials/20.3.1.5 Admixtures
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Water-Reducing Admixtures – Water-reducing and high range water-reducing 
(superplasticizer) admixtures are used to reduce the water/cementitious ratio 
to obtain higher strengths, while maintaining or improving workability. Water-
reducing admixtures are required by some state highway specifications whenever 
significant percentages of microsilica or other pozzolanic materials are used in the 
mix. Improved workability is especially beneficial for piles with closely spaced 
confinement reinforcement.

Accelerating/Retarding Admixtures – Accelerating admixtures are used to decrease 
the setting time and increase the early strength development of the concrete. 
They are particularly beneficial to precast concrete piles production by facilitating 
early transfer of prestress and removal from the forms. Although calcium chloride 
has been used in the past as an accelerator, it promotes corrosion of reinforcing 
and prestressing steels and should not be used for prestressed concrete piles. 
Retarders have the opposite effect of accelerators with regard to setting time and 
strength development.

Corrosion-Inhibiting Admixtures – Corrosion inhibitors, such as calcium nitrite, 
disrupt the passage of chloride ions to the steel reinforcement, thereby reducing 
the potential for corrosion. They are often specified when piles will be exposed to 
seawater or in other applications where the potential for chloride attack is high. 
The use of calcium nitrite may affect the workability and setting characteristics 
of the concrete, so it is important to adjust the mix design to account for these 
effects. In some instances, the use of high performance, high-strength concrete 
mixes, with decreased permeability, may make it unnecessary to use corrosion 
inhibitors.

 
The minimum concrete strength for concentrically prestressed piles at the time of 
transfer of prestress is based on stresses due to stripping and handling and should 
be a minimum of 3,500 psi (see Sect. 20.5.5.4.1). Concrete compressive strengths 
at 28 days and at time of driving should be a minimum of 5,000 psi for prestressed 
piles and build-ups [LRFD 5.13.4.4.2]. In some cases, economy in handling, driving 
and load-carrying capacity can be achieved by using higher strength concretes, with 
strengths of up to 8,500 psi being readily achievable in most regions of the country. 
Designers should consult state highway department or other governing specifications 
to determine required minimum strengths and with local pile manufacturers to deter-
mine readily achievable maximum strengths.

 
To ensure good durability, prestressed concrete piles should contain at least 564 lbs 
of cementitious material per cu yd of concrete in combination with an appropriate 
water-cementitious materials ratio (ACI 543R-00, 2000). In aggressive environments, 
such as for marine applications or for sites with high chloride or high sulfate expo-
sure, a minimum cementitious material content of 658 lb/yd3 is recommended.

 
Prestressed concrete piles are produced using seven-wire strand conforming to 
AASHTO M203 (ASTM A416). Strand sizes range from 3⁄8-in. to 0.6-in. diameter, 
with 1⁄2-in. diameter being commonly used in piles. AASHTO M203 (ASTM A416) 
addresses both “low-relaxation” and “stress-relieved” (normal relaxation), Grade 250 
and Grade 270 strands. Grade 270 low-relaxation strands are used in the vast major-
ity of piles.
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Epoxy-coated prestressing strand has seen only limited use in prestressed concrete 
piles. Its use requires adjustments to gripping chucks and form ends/bulkheads in the 
casting yard. The performance of epoxy-coated strand in prestressed concrete mem-
bers has improved significantly over the years. Because other alternatives to epoxy-
coated strand are available to minimize the potential for corrosion, these other meth-
ods are more commonly used in prestressed concrete piles. These alternate methods 
include the use of higher quality concrete, increased cover and special admixtures, as 
described previously and as specified in other publications (i.e., ACI 222R, ASTM 
C1240, AASHTO M154).

 
Temporary strand anchorage devices used during pretensioning operations are pro-
vided by the manufacturer. Anchorage hardware for prestressing strands in segmented 
cylinder piles are also temporary devices that are provided by the manufacturer. The 
prestressing steel manufacturer should be consulted for details of this equipment. 
Knowledge concerning details of these anchors is not required for pile design.

 
Nonprestressed reinforcement is required in prestressed concrete piles for confine-
ment reinforcement and sometimes for additional longitudinal reinforcement.

 
Deformed bars are occasionally used for longitudinal reinforcement, especially 
at the pile-to-cap connection. These bars should conform to the requirements in  
Section 2.8 of this Manual.

 
Confinement reinforcement in prestressed concrete piles is normally provided by 
wire spirals running the full length of the pile. Smooth wire is generally used for the 
spirals. Steel wire used in spirals should meet the requirements of AASHTO M32 
(ASTM A82). Splices in spirals are discussed in Section 20.5.3.5.3.

Wire sizes are designated as Wxx, where xx is the area of the wire in hundredths of a 
square inch (e.g., W3.4 corresponds to an area of 0.034 in.2). The W indicates that 
the wire is smooth. The wire can be drawn to any diameter, so exact sizes can be 
specified. Two of the most commonly specified wire sizes for spirals in piles are W3.4 
and W4.0. These correspond to wire gages No. 5 and No. 4, respectively, which were 
formerly used as wire designations. See Table 2.11-4 for the nominal diameter and 
weight of different wire sizes.

Wire reinforcement typically has a higher yield strength than mild reinforce-
ment, with yield strengths up to 85.0 ksi. However, the AASHTO Specifications 
have placed limitations on the use of the higher yield strength in design. See  
Section 20.5.3.5.2 for a discussion of this issue.

 
In some cases, structural steel is used to provide a permanent, load-bearing struc-
tural tip, commonly called a “stinger,” on the end of a prestressed concrete pile  
(Fig. 20.3.4-1). This material must withstand driving, so it should meet the require-
ments for steel piles found in AASHTO M270 Grade 36 or 50 (ASTM A709  
Grade 36 or 50). The thickness of any steel in a pile tip should not be less than 3⁄8 in.
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The suitability of the steel for welding should be predetermined, because some pro-
ducers prefer to cast the piles with just an embedded plate or only a short portion of 
the tip extending outside the pile. This preserves the casting capacity of the bed and 
simplifies fabrication. The remainder of the specified length of the tip is then welded 
onto the plate or the protruding portion after the pile is removed from the bed.

Headed studs or deformed bar anchors may be required in some cases for the anchor-
age of the embedded portion of the steel tip into a pile. The use and installation of 
studs should conform to the requirements of Type B shear connectors as defined in the 
current edition of the ANSI/AASHTO/AWS Bridge Welding Code D1.5 (2002).

 
The use of grout in prestressed concrete piles is not common, generally being limited 
to the grouting of dowels in pile heads or the bonding/protection of prestressing 
strands used to join sections of cylinder piles. The former application involves piles 
that are field-spliced with dowels in oversized holes or piles whose connection with 
the pile cap is intended to provide moment resistance and thus requires additional 
reinforcement. The latter case is common with large diameter cylinder piles available 
in several regions of the country. Grouts should conform to the requirements shown 
in Section 2.6.

Recent problems with grouted post-tensioning tendons in segmental piers and super-
structures have emphasized the importance of using both proper materials and proper 
practices when grouting tendons. It is recommended that owners, manufacturers 
and contractors consult the Post-Tensioning Institute (PTI) Guide Specification for 
Grouting of Post-Tensioned Structures (2001) for grouting of prestressing tendons in 
segmented prestressed concrete piles. Practical insight into the grouting of tendons 
for transportation structures can also be gained by reviewing the Florida Department 
of Transportation post-tensioning and grouting specifications, which were revised 
as a result of their investigation into the previously mentioned problems (“New 
Directions,” 2002).

20.3.5
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There is growing interest in the use of fiber reinforced plastic (FRP) reinforcement 
in prestressed concrete members. Section 2.10 describes the advantages and disad-
vantages of several types of these materials when used in place of prestressing strands 
and deformed bars. Because standardized test procedures have not been developed 
and long-term performance has not been demonstrated for these materials, their use 
in publicly funded transportation projects is still largely experimental. However, they 
have been used in a number of engineering applications on a limited basis, largely for 
private clients and select government agencies like the U.S. Navy.

While widespread use of composite materials to replace strands and deformed bars in 
prestressed piles is not likely in the near future, their use as external confinement rein-
forcement for prestressed concrete piles may gain more rapid acceptance. Fiberglass 
and carbon fibers embedded in polymeric resins are already being used to wrap col-
umns and other concrete members in repair, strengthening and seismic applications. 
This same principle is being employed by at least one piling manufacturer to encase 
prestressed concrete piling in a composite shell. Although composite shells may even-
tually be used in place of steel reinforcing spirals, presently their primary purpose is 
for corrosion protection in marine applications and other aggressive environments.

Because the use of composite materials is still a developing technology, it is essential 
that designers verify the acceptability and availability of their use in piles prior to 
incorporating them into a project. Pile manufacturers should be consulted concern-
ing recent advances and the availability of products in a certain region. They are gen-
erally aware of projects and locations where a particular piling product has been used. 
The designer should also verify that the intended product meets the specifications 
governing the project, or if necessary, that special provisions are written to ensure the 
owner’s requirements are met.

20.3.6
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The intent of this section is two-fold: (1) to provide a general discussion of geotech-
nical considerations relevant to the design of pile foundations; and (2) to emphasize 
the need for bridge designers and geotechnical engineers to work together to arrive 
at practical and effective solutions. This section is not intended to cover in detail the 
principles of soil mechanics and behavior as they affect the performance of prestressed 
concrete pile foundations. Such a task is outside the scope of this Manual.

For more detailed information on geotechnical considerations, the reader is referred 
to the publications listed in Section 20.10.

 
In order for a pile or piling foundation to properly perform its intended function, it 
must be designed to resist all modes of failure. These include:

 • Bearing capacity failure of the pile-soil system

 •  Excessive vertical settlement due to compression and consolidation of the 
underlying soil

 •  Excessive horizontal displacement or instability due to lateral loads and inad-
equate lateral soil support

 • Structural failure of the pile shaft or its connection to the pile cap

Of these various failure modes, only the final one is structural in nature.

The ultimate capacity of a single pile or group of piles is generally governed by the 
strength of the pile-soil system, not by the structural strength of the pile. It is there-
fore necessary to consider carefully the interaction of the pile-soil system in the design 
of any pile foundation. Thus, the role of the geotechnical engineer and his relation-
ship with the structural engineer are extremely important in ensuring a successful 
foundation design.

 
As previously stated, the consideration of pile-soil behavior in the design of pile 
foundations requires the participation of a qualified geotechnical engineer with foun-
dation experience relevant to the proposed bridge project. The extent of interaction 
between the geotechnical engineer and bridge designer (and other design profes-
sionals, such as a hydraulic engineer where scour is involved) on a project will vary 
depending on a number of issues, including local practice, governing specifications, 
uniformity of soil strata, and relevant experience of individuals involved in the proj-
ect. This interaction should begin early in the design process, during establishment 
of the design criteria, and should continue throughout the production and review of 
final plans and specifications.

The following list provides guidance regarding potential responsibilities for the proj-
ect geotechnical engineer (FDOT Soils and Foundation Handbook 2004, 2004):

 • Evaluate suitable pile types and sizes for design selection

 •  Recommend soils parameters for use in foundation design programs, struc-
tural analysis models and lateral load analyses

 •  Prepare pile capacity versus tip elevation curves/tables (i.e., end bearing, skin 
friction, total resistance, required driving resistance, etc.) at each boring loca-
tion for each different pile size

 • Make recommendations concerning minimum pile lengths or tip elevations

20.4
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 • Make recommendations concerning minimum pile spacings

 • Estimate pile or pile group settlement

 •  Evaluate effects of scour, downdrag, lateral spreading and lateral squeeze, if 
applicable

 •  Evaluate behavior of pile foundations relative to seismic design criteria, if 
applicable

 •  Recommend maximum driving resistance anticipated, with due consideration 
for overburden materials that may scour away

 •  Make recommendations concerning test pile locations and pile installation 
criteria, including static load testing and dynamic monitoring, if applicable

 •  Make recommendations concerning special provisions for pile installation or 
special construction techniques required

 •  Provide necessary soils data, boring logs and driving data for inclusion in 
plans, as applicable

 
With regard to pile-soil interaction and geotechnical considerations, both the LRFD 
Specifications and the Standard Specifications rely on outside sources to provide addi-
tional guidance. Design for pile-soil interaction is dependent on a large number of 
variables including soil properties, subsurface variability between foundation units, 
installation methods, pile arrangements, and the extent and validity of the subsoil 
investigation, etc. This makes it difficult to present a complete and coherent treat-
ment of all issues related to pile-soil interaction design.

The variability involved in estimating soil capacities also has an impact on load and 
resistance factors specified in the LRFD Specifications. LRFD Table 10.5.5-2 stipu-
lates conservative maximum values for pile-soil capacity resistance factors. Where 
available, statistical information was used in conjunction with reliability theory to 
calibrate the resistance factors. However, the LRFD Specifications caution that in some 
cases, statistical information was not available so the resistance factors were selected 
based on engineering judgment and conformance with results from allowable stress 
design. The specifications recommend that regionally specific values be used when 
available. Additional control over the tabulated resistance factors is provided through 
the use of a field verification modifier (λv). A reduced pile capacity is recommended 
when difficult driving conditions are anticipated.

The variability and uncertainty involved in estimating soil bearing capacities under-
score the importance of having a qualified geotechnical professional familiar with the 
project location as part of the design team.

 
Both STD Article 4.5.6 and LRFD Article 10.7.1.3 state that piles shall be designed 
to have adequate bearing resistance, tolerable settlements and tolerable lateral dis-
placements in addition to adequate structural resistance. The LRFD Specifications go 
on to state that the resistance of piles should be determined through a suitable com-
bination of subsurface investigations, laboratory and/or in-situ tests, analytical meth-
ods, pile load tests, and reference to the history of past performance. Consideration 
should also be given to:

 •  The difference between the resistance of a single pile and that of a group of 
piles (group effects)

20.4.3
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 •  The capacity of the underlying strata to support the load of the pile and pile 
group

 • The effects of pile driving on adjacent structures

 • The potential for scour and its effects

 • The effects of negative skin friction (downdrag forces) from consolidating soil

 •  The influence of installation techniques, such as predrilling or jetting, on 
capacity

Several of these issues are discussed in the following sections.

 
Bridge foundations rarely consist of a single pile. Most piling foundations consist of 
a group of piles under a common cap or footing. Changes in stress conditions and 
relative soil density associated with the previously driven piles in a group may have 
a marked influence on the behavior of the remaining piles, not only during driv-
ing but also during the service life of the bridge. The behavior of a group of piles 
is usually not the same as the behavior of a single pile in the same deposit and sub-
jected to the same load. This is true for both vertical and lateral load effects. Design 
specifications, such as the Standard Specifications and LRFD Specifications, attempt 
to minimize group effects by dictating minimum pile spacings and to account for 
their impact by applying efficiency factors to individual pile resistance capacities. 
A recommended minimum spacing between individual piles in a group is typically 
three pile widths or diameters. However, constructibility considerations may impose 
additional minimum spacing requirements. Because a thorough discussion of group 
behavior is beyond the scope of this Manual, the reader is referred to the following 
sources for additional information: Bowles (1996), Barker, et al (1991), Reese (1984), 
and LRFD Article 10.7.3.

 
Piling foundations are recommended in lieu of spread footings for structures over 
water and for other locations where the surrounding soil is subject to erosion from 
storm events. The design of piling foundations for scour requires coordination of 
efforts between the hydraulic engineer, the geotechnical engineer and the structural 
engineer. Once a probable depth of scour is determined from subsurface explora-
tions and hydraulic studies, the piling foundation must be designed assuming that all 
potentially scourable material has been removed. All axial resistance and resistance to 
lateral loads must come from soil below the scour elevation, and the piles above this 
elevation must be treated as columns, considering slenderness effects due to unbraced 
length. Although the scourable material does not contribute to the ultimate design 
capacity of the pile, its presence must be considered in determining the required 
driving resistance.

Design for scour should be in accordance with all governing project specifications and 
local agency practices. FHWA Hydraulic Engineering Circular No. 18 (HEC-18, 2001) 
provides additional information concerning the evaluation of scour at bridge sites.

 
Skin friction acting along the sides of a pile often provides the majority of the pile’s 
capacity. Skin friction, however, can also cause an additional downward load on a 
pile when it is driven into or through subsiding soil. In this case, skin friction may 
be mobilized around the pile in a downward direction as the soil subsides. This 
places a downward vertical load on the pile that should be recognized as adding to 

20.4.4.1
Group Effects

20.4.4.2
Scour

20.4.4.3
Negative Skin Friction 

(Downdrag)

20.4.4 Soil Capacity/20.4.4.3 Negative Skin Friction (Downdrag)



Chapter 20

PRECAST PRESTRESSED CONCRETE PILES
PCI brIdge desIgn manual

sePt 04

the external pile load. This additional axial load is termed “negative skin friction” or 
“downdrag.”

Such a condition can develop with piles driven into fill at the end of a bridge or over-
pass and with piles supporting abutments. It can also occur when embankment fill is 
placed on a compressible soil deposit and additional consolidation of the compress-
ible material occurs. If piles are driven through the fill and through underlying soft 
compressible clays/silts to a stiff bearing stratum before consolidation is complete, in 
time the soil will move downward relative to the pile. Typically, the full downdrag 
load will develop by the time the soil settles less than 1⁄2 in. relative to the pile.

Downdrag forces can also result from ground settlement as the result of lateral 
ground displacement or from a rapid lowering of the water table in the vicinity of the 
foundation. The potential for such effects and possible remedial measures should be 
assessed by a qualified geotechnical engineer during the design process.

If they are not adequately addressed during the design process, downdrag forces can 
result in increased pile settlements and/or additional point penetration of the pile 
into the underlying bearing stratum. Therefore, an evaluation of the long-term effects 
from negative skin friction should be performed by a qualified geotechnical profes-
sional who has adequate information concerning the project. That individual and/
or the governing specifications may recommend that specific measures be taken to 
reduce pile loads from this source. Such measures may include applying bitumen or 
wrapping plastic sheeting around the pile over the fill depth or requiring that fill be 
placed in advance to allow consolidation prior to driving the piles. Predrilling through 
compressible fill and backfilling with a granular material after driving the piles has 
also been used, but the effectiveness of this method is sometimes questionable.

 
Experience has demonstrated that the driving resistance of friction piles in clay is 
likely to be low due to disturbance in the structure of the clay, whereas after driv-
ing the strength may increase markedly over a period of time. This gain in strength, 
commonly known as pile “set-up” (or “freeze”), results from the dissipation of pore 
pressures in the soil surrounding the piles. It may be caused partly by thixotropic pro-
cesses and partly by consolidation of the highly stressed clay immediately surround-
ing the piles (Peck, et al, 1974). A delayed static load test or subsequent redriving 
of the pile after installation can be used to prove the final pile capacity. Because the 
strength gain due to set-up can be significant and it is not related to stress transmis-
sion during driving, dynamic pile driving formulas or analyses based on the wave 
equation may give erroneous results under such conditions.

 
Vibration is one of the most effective means for compacting deposits of loose sand. 
If the relative density of sand is too low for the establishment of a raft or footing 
foundation, it can sometimes be increased by driving “compaction” piles. Similarly, 
the process of driving multiple piles within the confines of a footing acts to compact 
the granular soil surrounding the piles so that it becomes denser as successive piles 
are driven. This is particularly true with prestressed concrete piles, which tend to 
compact the soils further through displacement of the foundation material by the 
volume of the pile (“displacement” piles).

When piles are driven in saturated, fine-grained clays, however, the displaced soil 
may increase the pore water pressure so rapidly that the void ratio cannot change in 
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a timely manner. In such instances, the soil displacement induces heave of the sur-
rounding ground surface and may lift adjacent structures or piles that were previously 
driven. The problem is most acute when the surrounding piles are closely spaced or 
when point-bearing piles driven to refusal are involved. Under such conditions, piles 
should be checked for heave after all piles in a foundation are driven. When necessary, 
piles should be re-driven to ensure the required load capacity is achieved.

Where heave displacements are likely to be objectionable, other methods of instal-
lation, such as predrilling or jetting, may be necessary. Predrilling and jetting may 
reduce the soil volume or disrupt the in-situ particle/void arrangement of the founda-
tion material.

The soil capacity of an axially loaded pile in compression normally consists of two 
separate components:

 1) The tip capacity of the soil or rock strata underlying the pile

 2)  The shear resistance between the soil and the sides of the piles, as developed 
through friction and/or adhesion

Pile applications where one of these components is negligible compared to the other 
are denoted as “end-bearing” (shear resistance = 0) or “friction” (tip resistance = 0) 
piles. Depending on the properties and stratification of the surrounding soils, the 
geometry and surface conditions of the pile, and other factors, the overall pile capac-
ity is the sum of these two components in varying proportions and subject to toler-
able limits of settlement. Failure of an individual pile occurs when both the ultimate 
shear resistance and the ultimate tip resistance are exceeded. Because it is generally 
necessary for a certain degree of slip to occur along the length of the pile in order 
to mobilize the tip capacity, the ultimate tip capacity seldom occurs simultaneously 
with the ultimate skin resistance capacity (Bowles, 1996). This behavior is implicitly 
considered in “Pile Capacity versus Pile Embedment” curves or tables provided by 
the geotechnical engineer for use in design.

The axial compression capacity of individual piles within a cluster or group may be 
significantly reduced due to group effects, as discussed previously.

 
Many projects require tension piles to resist overturning. When piles will be subjected 
to uplift, the designer must evaluate geotechnical conditions to ensure that piles will 
not pull out of the soil. If piles derive their support through a combination of skin 
friction and end bearing, the skin friction portion of the load-carrying system will act 
to prevent pull out. The project geotechnical engineer should be consulted concern-
ing safe skin friction values that can be assumed to resist pullout at a given site.

A major difference in capacities between axially loaded piles in compression and in 
tension (uplift) is that the tip offers no resistance in the latter situation (unless some 
type of tension anchor is utilized at the tip). The force necessary to initiate a constant 
withdrawal rate is some limiting value of shear resistance along the length of the pile 
combined with the weight of the pile.

When piles are driven through very soft material to a hard layer and they derive all 
of their support from end bearing, the uplift (friction) capacity must be developed 
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by penetration into the hard layer. If the layer is such that the prestressed concrete 
pile cannot be driven into it, a steel tip may be required. See Section 20.8.4.4 for a 
discussion and details of pile tips. If the hard layer can be penetrated by providing a 
tip, it may be possible to develop skin friction along the tip to resist uplift.

In calculating uplift capacity, the weight of the pile can be added to the skin friction, 
but the designer must consider the groundwater table in calculating the weight of 
the driven pile. The weight of the portion of the pile below the highest anticipated 
groundwater table must be reduced to account for buoyancy.

As with compression piles, the axial tension capacities of individual piles within a 
cluster or group may be significantly reduced due to group effects.

 
The ability of vertical piles to resist lateral loads, applied both above the ground and 
below ground level, depends upon a number of factors. These include:

 • pile type, material and stiffness

 • subsoil conditions

 • elevation of footing/cap relative to ground level

 • depth of pile embedment

 • degree of fixity of pile to cap connection

 • pile spacing and configuration

 • magnitude of axial loads present

Group effect considerations are more critical for laterally loaded piles than for those 
subject to axial loads alone. The effects of soil-structure interaction must be account-
ed for in design.

The resistance of piles to lateral loads is generally governed by lateral displacement 
criteria. It is believed that because of the interaction among piles through the soil 
between them, groups of piles tend to deflect more than a single pile subjected to 
the same load per pile (group effect). Bending moments also tend to be higher in 
groups, even when the average lateral load in one pile in a group is the same as that 
in an individual pile. The response of piles and pile groups to lateral loads is generally 
estimated through P–y analysis, as explained in Barker, et al (1991) and Reese (1984). 
NCHRP Report 461 (2001) provides additional information regarding static and 
dynamic lateral loads on piles groups. A number of computer programs are available 
to facilitate the analysis and design of laterally-loaded piles (FB-Pier User Guide and 
Manual, 2001).

Lateral load capacity may also be limited by stability considerations. A pile driven to 
the required design tip elevation based on its ultimate axial bearing resistance must 
also penetrate a sufficient distance to prevent excessive rotation of the pile at the tip. 
An analysis to determine the required minimum embedment depth must consider 
the potential for scour, the presence of unsuitable overlying soils and the overall 
resistance capacity of the surrounding soil strata. This minimum embedment depth 
required to support lateral loads is generally shown as a minimum tip elevation in 
the plans. Both STD Article 4.5.1.3 and LRFD Article 10.7.1.2 require that, as a 
minimum, the design penetration for any pile shall not be less than 10 ft in hard 
cohesive or dense granular soils and 20 ft in soft cohesive or loose granular material. 
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For trestle or pile bents, both specifications require that a pile penetrate a minimum 
distance equal to 1⁄3 of its unsupported length.

For piles subject to significant lateral loads, the pile heads must be fixed into the foot-
ing or cap in order to transfer moment between the two substructure elements. This 
is discussed in greater detail in Section 20.6.2.

If minimum penetration is not achievable, steel tips can be used to pin the pile into 
the hard layer.

 
The overall design of a pile foundation must consider the ability of the soil to carry 
the load transferred to it without excessive consolidation or displacement, which in 
time could cause settlements beyond that for which the structure is designed. The 
settlement of a pile is dependent on a number of factors, including:

 • magnitude of load

 • duration of load

 • physical characteristics of the surrounding and underlying soils

 • geometric properties of the pile

 • the load-transfer mechanism between pile and supporting soil

 • the foundation configuration (i.e., group behavior)

The soil mechanics involved in estimating settlement are beyond the scope of this 
Manual. Because the long-term settlement of a pile foundation under service load-
ing is not the same as the settlement observed in a short-term static load test on an 
individual pile, the estimation of settlement is often based on a combination of soil 
tests and analysis procedures.

The determination of long-term pile settlements should be carried out by a qualified 
geotechnical engineer with experience relevant to the type of pile foundation pro-
posed and the project location. The results should be reflected in the recommenda-
tions for required pile embedment depths as a function of design pile loads. Soil or 
pile group capacities often include an allowance for settlement on the order of 1⁄2 in. 
to 1 in., depending on local practices and the type of foundation. Bridge designers 
should understand the implications of this and account for any potential differential 
support settlement in design, particularly when continuous spans are involved.

 
Methods of determining soil bearing capacities for driven piles can be divided into two 
categories: those used during the design phase of the project and those used during 
construction. The major difference is that as more information becomes available dur-
ing construction, it is possible to more accurately assess pile capacities based on actual 
driving and/or load test data. The use of preliminary test piles and dynamic measure-
ments prior to production driving can be highly beneficial in reducing total founda-
tion costs. This section will concentrate on capacity estimates for design; the evaluation 
of bearing capacity during for construction will be discussed in Section 20.8.3.

During the design phase of the project, estimates of soil bearing capacity are generally 
limited to those available from static analyses performed by a qualified geotechnical 
engineer. In the earliest phases of the project, prior to establishing final pier founda-
tion locations, capacity estimates are often based on a limited number of preliminary 

20.4.4.8
Settlement

20.4.5
Soil Bearing Capacity –  

Design Phase

20.4.4.7 Lateral Capacity/20.4.5 Soil Bearing Capacity – Design Phase



Chapter 20

PRECAST PRESTRESSED CONCRETE PILES
PCI brIdge desIgn manual

sePt 04

borings and the results of laboratory and field tests on the samples collected. In some 
instances, additional information may be available in the form of soil borings and/
or driving records from an existing structure in the vicinity of the proposed bridge. 
Once preliminary pile capacities are used to determine the type, size and location 
of the proposed structure, additional borings can be taken at actual pier foundation 
locations. The test data from these borings can then be used to generate more accurate 
estimates of the soil bearing capacities for the type of pile element being proposed.

The determination of soil bearing capacities during design extends to axial compres-
sion, axial tension and lateral loads. Various pile types and sizes should be analyzed 
during the preliminary design phase in order to achieve an optimum design. For 
water crossings, depth of scour must be considered for both axial and lateral load 
analyses. Pile group effects, settlement and downdrag should be addressed as dis-
cussed in the previous section.

Because foundation strata may vary greatly between pier locations and even within 
the confines of an individual footing, final design of a pile foundation does not nec-
essarily end during the design phase. Because it is not practical to gather sufficient 
data at every single pile location during design (or even during construction), it is 
necessary to monitor the pile-soil interaction behavior during installation of the piles. 
Therefore, it is essential for the project geotechnical engineer to make recommenda-
tions during the design phase concerning drivability considerations, test pile locations 
and the need for static and/or dynamic testing. During construction, the project 
geotechnical engineer should be involved in pile testing operations and the interpre-
tation of test results. In conjunction with the design engineer, he should be prepared 
to modify the design where necessary based on the resulting test data. Changes to pile 
lengths and project driving operations in the field should be anticipated.

20.4.5 Soil Bearing Capacity – Design Phase
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20.5
STRUCTURAL DESIGN

Provisions in the design specifications that affect the design of prestressed concrete 
piles may generally be separated into two categories: those dealing with the structural 
performance of the pile itself and those addressing pile-soil interaction. Although pile 
capacity is frequently controlled by pile-soil behavior in terms of soil bearing capacity 
or tolerable displacements, the structural capacity of a pile may control the design 
in certain situations or locations. Therefore, the structural capacity of a pile should 
always be evaluated.

The following section presents approaches for analysis and design of piles. The deter-
mination of design loads is beyond the scope of this Manual.

 
Unlike many areas of structural design involving reinforced and prestressed concrete, 
design methods for prestressed concrete piles have been developed by the industry 
through practical experience. A process of trial and error, rather than a rational 
approach, was employed during their development (Lin and Burns, 1981). As a 
result, design provisions for prestressed concrete piles do not exhibit the same level 
of consistency or cohesiveness as do those for other types of concrete members in the 
AASHTO Specifications. Nonetheless, safe, efficient and economical utilization of 
prestressed concrete piles has been achieved through experience gained over the past 
fifty years.

Initially, prestressed piles were used in applications in which they were subjected to 
primarily axial loads with little or no moment. Batter piles were used to resist lateral 
loads as axially loaded members. Design for these conditions was straightforward and 
was handled through methods developed by the industry. A safe and conservative 
design was normally obtained by adhering to the following minimum requirements 
(all in accordance with acceptable standards developed through past practice):

 •  limiting the concentric service axial load on the section (Pa, as given in 
Appendix B)

 •  ensuring a minimum axial compressive stress in the pile due to pretensioning 
(700 psi)

 • satisfying minimum spiral reinforcement requirements

 
Historically, the structural design of foundation members, including prestressed con-
crete piles, has been based on an allowable service load capacity. The allowable stress 
(fa) in prestressed concrete piles subjected primarily to axial loads is limited by many 
specifications to:

fa ≤ 0.33 f ć – 0.27 fpc (Eq. 20.5.1.1-1)

where

 f ć = 28-day compressive strength of the concrete

 fpc = effective prestress in the concrete after all losses

These allowable unit stresses were first published around 1970 and are appli-
cable for fully embedded and laterally supported piles. They are based on strength 
design capacities which have been divided by an assumed factor of safety of 2.2  
(ACI 543R-00, 2000; PCI Recommended Practice, 1993).

20.5.1
General Design Procedures

20.5.1.1
Allowable Stress Design

20.5 Structural Design/20.5.1.1 Allowable Stress Design



Chapter 20

PRECAST PRESTRESSED CONCRETE PILES
PCI brIdge desIgn manual

sePt 04

The AASHTO Standard Specifications specify the service stress formula given in  
Eq. (20.5-1) as an upper limit for axial loads on prestressed concrete piles. More 
recent specifications and design guidelines, such as the AASHTO LRFD Specifications 
and ACI 543R Design, Manufacture, and Installation of Concrete Piles (2000), specify 
strength design methods to ensure the structural capacity of piles. Strength design 
methods are recommended in this Manual as well. However, the equations for 
allowable stresses under full service loads for piles are presented in Appendix B and 
discussed in Section 20.5.5.3 because they remain useful as a serviceability check. 
Because the values were derived from ultimate strength capacities, their use is not 
inconsistent with strength design methods (ACI 543R-00, 2000). The allowable 
concentric service load capacities, Pa, presented in Appendix B, are intended specifi-
cally for cases in which the soil provides full lateral support to the pile and where the 
applied forces cause no more than minor bending moments as a result of accidental 
eccentricities.

Because the design of prestressed concrete piles has evolved largely as the result of 
past practice, attempts to incorporate such design procedures into a rational design 
specification have met with mixed results. Although prestressed concrete piles behave 
in a manner similar to other reinforced and prestressed concrete members, their 
specialized usage as foundation elements makes it impractical and undesirable to 
design them according to the generic requirements for a typical prestressed concrete 
column.

Still, many design codes attempt to address prestressed concrete piles in the general 
design requirements for prestressed concrete members. An example of this approach 
is the LRFD Specifications, which give structural requirements for concrete piles in 
Section 5, “Concrete Structures.” Special structural requirements for piles are limited 
when compared to other types of prestressed concrete members and, for the most 
part, result from differences in installation and exposure conditions (i.e., dynamic 
driving stresses and prolonged ground/water contact).

Design requirements have been developed to address confinement reinforcement in 
prestressed concrete piles in seismic risk zones, but these requirements are primarily 
based on axial strength considerations, and not ductility. Since the capacity of piles 
is rarely governed by their structural axial capacity, such requirements tend to be 
unnecessarily restrictive. Additional study and research are needed to clarify these and 
other issues related to the structural design of prestressed concrete piles and to make 
design requirements more rational and specifically applicable to piles.

In this section, design requirements from the AASHTO Specifications and other 
appropriate sources are presented and discussed. Pile design requirements are also 
summarized in this section to assist designers because these requirements are found 
in many different articles in the Specifications. Where the AASHTO Specifications 
do not specifically or adequately address certain design issues, recommendations are 
made concerning supplemental design methods.

 
Most public agencies and other entities that are building highway bridges rely on 
the national specifications developed by AASHTO, the Standard Specifications or the 
LRFD Specifications, for the design of prestressed concrete piles. Some state highway 
departments and other government agencies have developed their own specifications 

20.5.1.2
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and guidelines for the design of piles and piling foundations in bridge structures. 
These specifications are generally based on the AASHTO Specifications, but may 
include provisions that supercede or supplement specific sections.

Although the Building Code Requirements for Structural Concrete (ACI 318-02, 
2002) do not specifically apply to bridge structures and do not address the portion 
of prestressed piles embedded in the soil, except for seismic design (ACI 318-02 
Sect. 1.1.5), they may still be referenced for general design considerations involv-
ing prestressed concrete members. Three other references that provide useful design 
guidance are PCI’s “Recommended Practice for Design, Manufacture and Installation 
of Prestressed Concrete Piling” (1993), ACI 543R-00 Design, Manufacture, and 
Installation of Concrete Piles (2000) and Recommended Design Specifications for Driven 
Bearing Piles by the Pile Driving Contractors Association (PDCA, 2001).

 
The Standard Specifications address piles in general in Articles 4.5 (Service Load 
Design Method) and 4.12 (Strength Design Method), both entitled “Driven Piles.” 
These articles define minimum design standards and provide design guidance to 
structural engineers and geotechnical engineers concerning many aspects of driven 
piles. While much of the information is general, the Standard Specifications do give 
explicit requirements for minimum pile embedment depths and allowable stresses 
in different types of piles. Allowable stress limits for prestressed piles are given in  
STD Article 4.5.7. For design by load factor methods, STD Article 4.12.4 refers 
designers to Section 9, “Prestressed Concrete.” For unsupported pile lengths above 
ground, in water or in extremely poor soil conditions, stability against lateral buck-
ling must be evaluated in accordance with applicable provisions of Sections 8 and 9 of 
the Standard Specifications. General requirements for spirals are given in STD Article 
8.18.2.2, but these requirements are not generally applicable to piles, except when 
specifically referenced in the design of piles for seismic loads.

STD Article 4.5 also references several outside sources for guidance concerning pile-
soil interaction and geotechnical aspects of design. As a word of caution to structural 
designers, most of the requirements in STD Article 4.5 and 4.12 concerning pile-soil 
interaction, even ones that specify quantitative limits, are intended to provide general 
direction only. It is highly recommended that the project geotechnical engineer verify 
the applicability of the requirements for each project and give additional guidance 
concerning design decisions.

The Standard Specifications give more explicit design guidance concerning struc-
tural aspects of pile design in STD Article 4.5.16, “Precast Concrete Piles,” and  
STD Article 4.5.20, “Prestressed Concrete Piles.”

Provisions for the design of piles in seismic regions are presented in Sections 5, 6 and 
7 of Division IA - Seismic Design of the Standard Specifications.

The Standard Specifications also provide minimum standards for manufacturing, stor-
ing, handling and installing piles in Division II - Construction, Section 4, “Driven 
Foundation Piles.” Although Division II of the Standard Specifications does not 
present design requirements per se, it is important for designers to be familiar with 
the contents of Section 4 to assess its impact on decisions that must be made during 
the design process. These construction specifications will be referenced later in the 
“Manufacturing and Transportation” and “Installation” sections of this chapter.

20.5.2.2.1
AASHTO Standard 

Specifications
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Articles in the Standard Specifications containing significant requirements for the 
design of prestressed concrete piles are summarized in Table 20.5.2.2.1-1. General 
articles, such as those pertaining to materials and design for flexure and shear, are also 
applicable but are not listed.

Specification 
Article

article title 
Description

4.5 Driven Piles

General foundation related requirements for driven piles, includ-
ing pile penetration into bearing soil, pile embedment, pile 
spacing, inclined (batter) piles, allowable stresses and maximum 
allowable driving stresses.

4.5.7 Structural Capacity of Pile Section

Requirements for the structural design of piles and limiting 
allowable stresses for axially loaded piles.

4.5.20 Prestressed Concrete Piles

General requirements, including those for minimum effective 
compressive stress, allowable tensile stress during handling, spiral 
reinforcement, cylinder piles and pile splices.

4.12.4 Structural Design

Article 4.12 provides design requirements governing the soils-
related capacity of piles. Subarticle 4.12.4 references Subarticle 
4.5.7 (service load design) and Sections 8, 9 and 10 (load factor 
design) for structural design of piles.

8.16.4 Compression Members

Requirements for factored axial resistance and biaxial flexure.

8.16.5 Slenderness Effects in Compression Members

Provisions for evaluating effects of slenderness in strength design.

8.18 Reinforcement of Compression Members

General requirements for reinforced concrete compression mem-
bers, including longitudinal and lateral reinforcement (generally 
not applicable to piles, except for spiral splice requirements or as 
referenced for seismic design).

9 Prestressed Concrete

General requirements for prestressed concrete members. 
However, there are no specific requirements for piles.

 

Table 20.5.2.2.1-1
Summary of Significant Design 

Requirements for Prestressed 
Concrete Piles – Standard 

Specifications

20.5.2.2.1 AASHTO Standard Specifications
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The LRFD Specifications address the design of prestressed concrete piles in two pri-
mary locations: LRFD Article 10.7, “Driven Piles,” which provides minimum stan-
dards for the pile-soil interaction aspects of design; and LRFD Section 5, “Concrete 
Structures,” which addresses structural design of reinforced and prestressed concrete 
members, of which prestressed piles are a subset.

LRFD Specifications requirements governing pile-soil interaction and geotechnical 
considerations are similar to those presented in the Standard Specifications, with some 
provisions having been incorporated directly from the Standard Specifications. The 
order of presentation of design requirements differs significantly between the two 
specifications. The LRFD Specifications give expanded discussions on certain topics in 
the parallel commentary. As cautioned with the Standard Specifications, the minimum 
design standards presented in LRFD Article 10.7 should be confirmed as applicable 
for a particular project by the project geotechnical engineer.

LRFD Section 5 presents minimum design requirements for the structural design of con-
crete structures. Specific design requirements are identified in LRFD Article 5.13.4.4, 
“Precast Prestressed Piles,” which briefly presents general design provisions for piles 
under typical loading conditions, and LRFD Article 5.13.4.6, “Seismic Requirements,” 
which presents additional requirements for piles used in seismic risk areas. Otherwise, 
the structural design of prestressed piles is based on the axial, flexural and shear design 
of reinforced and prestressed concrete members, specifically columns.

As noted in the previous section of this chapter, the lateral stability of long piles in 
soft overburden materials and piles with long unsupported lengths above the ground 
surface or in water should be carefully considered in design. Requirements for the 
evaluation of slenderness effects are given in LRFD Article 5.7.4.3 for the design of 
concrete compression members. To aid the designer in determining the unsupported 
length of a pile below ground for stability purposes, LRFD Article 10.7.4.2 provides 
formulas for determining the effective depth at which the pile can be assumed fixed 
against rotation in either clayey or sandy soils. Soil parameters for use in these for-
mulas should be provided by the project geotechnical engineer or a similarly qualified 
professional.

Section 4 of the AASHTO LRFD Bridge Construction Specifications (1998) provides 
minimum standards for the manufacture, storage, handling and installation of pre-
stressed concrete piles. Designers should be aware of provisions affecting construction 
and their potential impact on design.

Articles in the LRFD Specifications containing significant requirements for the design 
of prestressed concrete piles are summarized in Table 20.5.2.2.2-1. General articles, 
such as those pertaining to materials and design for flexure and shear, are also appli-
cable but are not listed.

20.5.2.2.2
AASHTO LRFD Specifications

20.5.2.2.2 AASHTO LRFD Specifications
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Specification 
Article

article title 
Description

5.7.4 Compression Members

Provisions for longitudinal reinforcement limits, slenderness con-
siderations, factored axial resistance, biaxial flexure and minimum 
requirements for spirals and ties (only applicable to piles as refer-
enced in Articles 5.13.4.6 and 5.10.11.3 and 4).

5.9 Prestressing and Partial Prestressing

Requirements for limiting stresses for strands and concrete and 
methods for estimating prestress losses.

5.10.11 Provisions for Seismic Design

Requirements for columns, flexural resistance, spiral reinforce-
ment, transverse reinforcement at plastic hinges and connections 
of columns to pile caps.

5.10.6 Transverse Reinforcement for Compression Members

Requirements for spirals, splices in spirals and ties (generally not 
applicable to piles, except for spiral splice requirements or as ref-
erenced for seismic design).

5.11.5 Splices of Bar Reinforcement

Requirements for splices for wire and for mechanical connections 
and welded splices.

5.13.4 Concrete Piles

General requirements for piles, including embedment into foot-
ings and pile caps.

5.13.4.4 Precast Prestressed Piles

General requirements, including typical spiral reinforcement.

5.13.4.6 Seismic Requirements

Additional requirements for piles in Seismic Zones 2, 3 and 4, 
including requirements for connections to pile caps.

10.7 Driven Piles

General requirements for driven piles, including pile penetration 
into bearing soil, pile embedment, pile spacing, batter piles, indi-
cators for potential corrosion and maximum allowable driving 
stresses. Also indicates where structural provisions specific to piles 
are found, and gives estimates of depth to fixity below ground.

A flowchart of the steps required for the structural design of prestressed concrete piles 
using the LRFD Specifications is shown in Figure 20.5.2.2.2-1. Details of design are 
discussed in the sections that follow.

Table 20.5.2.2.2-1
Summary of Significant Design 

Requirements for Prestressed 
Concrete Piles – LRFD 

Specifications

20.5.2.2.2 AASHTO LRFD Specifications
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20.5.2.2.2 AASHTO LRFD Specifications

YES

YES

YES

YESYES

YES

YES

YES

YES

NO

NO

NO

NO

NO

NO

NO

NONO

Select preliminary 
foundation layout based 

on allowable geotechnical 
capacities

Calculate service, strength 
& extreme event limit 

state loads on pile

Select preliminary pile size 
& concrete strength from 

interaction curves

Select pile size & concrete 
strength from Appendix B 

Table (service strength 
w/fpc = 700 psi)

Calculate max. allowable Pn 
[LRFD Eq. 5.7.4.4-2 or 
5.7.4.4-3; adjusted as per 

PCI BDM Eq. 20.5.6.3-1]
Increase pile size or 
concrete strength

Increase pile size or 
concrete strength

Increase prestress level for 
axial tension case (as 

necessary, PCI Recom-
mended Practice (1993), 

Table 2.2, Item b)

Satisfy longitudinal steel 
requirements 

[LRFD Art. 5.7.4.2]

A

Calculate effective EI 
[LRFD Eq. 5.7.4.3-1 or 

5.7.4.3-2]

Calculate magnified 
moment 

[LRFD Art. 4.5.3.2.2b]

Revise pile size and/or 
concrete strength from 

interaction curves 
(as necessary)

Determine moment by 
2nd order analysis 

[LRFD Art C5.7.4.3]

Calculate unbraced pile 
length klu (h′) [LRFD 

Table C4.6.2.5-1]

Is pile subject to 
moment?

Is member braced 
against sidesway?

Is klu /r < 22? 
[LRFD Art. 5.7.4.3]

Is klu/r < 100? 
[LRFD Art. 5.7.4.3]

Is klu/r < 
34-12(M1/M2)? 

[LRFD Art. 5.7.4.3]

Is φPn = Pu?

Is service compressive 
stress = allowable? [LRFD 

Table 5.9.4.2.1-1]

Is pile in seismic zone 
3 or 4?

Is pile laterally 
supported?

Figure 20.5.2.2.2-1
AASHTO LRFD Confining 

Reinforcement Design 
Procedure for Prestressed 

Concrete Piles

(a) Column Design
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20.5.2.2.2 AASHTO LRFD Specifications

YESNO

YESNO

A

Increase Column Size, 
Concrete Strength or 

Transverse Steel 
(as necessary)

Footing

Bent

Zone 3 or 4

Zone 2

Zone 1 or No Seismic

Determine plastic zone 
limits; satisfy minimum 

confinement size/spacing 
requirements [LRFD
 Art. 5.13.4.6.2c & d]

Calculate plastic zone 
spiral/tie requirements 

[LRFD Arts. 5.10.11.4.1d 
& 5.7.4.6] (or PCI BDM 

Sect. 20.5.4.2.3.2)

Determine plastic zone 
limits; satisfy minimum 

confinement size/spacing 
requirements 

[LRFD Art. 5.13.4.6.3]

Calculate plastic zone 
spiral/tie requirements 

[LRFD Arts. 5.10.11.3, 
5.10.11.4.1d, & 5.7.4.6] 

(or PCI BDM Sect. 
20.5.4.2.3.1)

Calculate εx 
[LRFD Eqs. 5.8.3.4.2-1 

or 5.8.3.4.2-3]

Calculate β & θ 
[LRFD Table 5.8.3.4.2-1]

Calculate β & θ 
[LRFD Table 5.8.3.4.2-2]

Calculate εx 
[LRFD Eqs. 5.8.3.4.2-2 

or 5.8.3.4.2-3]

Use minimum spiral 
requirements 

[LRFD Art. 5.13.4.4.3]

Calculate Vc, Vs, Vn  
[LRFD Art. 5.8.3.3]

Satisfy additional plastic 
zone requirements. 

[LRFD Art. 5.10.11.4.1e]

Determine siesmic 
zone [LRFD Table 

3.10.4-1]

Are piles part of a 
footing or bent structure?

Is Av = min. required? 
[LRFD Eq. 5.8.2.5-1]

Is φ(Vc + Vs) = Vu 
[LRFD Eq. 5.8.3.3-1] or 

½ φVc = Vu  
[LRFD Eq. 5.8.2.4-1]?

Done

Shear Design

Confinement 
Reinforcement 
Design

(b) Confinement Reinforcement 
and Shear Design
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In addition to the two AASHTO Specifications, there are several other design speci-
fications and guides that provide supplemental design guidance specific to prestressed 
concrete piles. These include:

 •  “Recommended Practice for Design, Manufacture and Installation of 
Prestressed Concrete Piling” (1993) developed by the PCI Committee on 
Prestressed Concrete Piling

 •  Design and Construction of Driven Pile Foundations, Federal Highway 
Administration, FHWA-HI-97-013 and 14, (Hannigan, et al, 1997)

 • Design, Manufacture, and Installation of Concrete Piles (ACI 543R-00, 2000)

 • Building Code Requirements for Structural Concrete (ACI 318-02, 2002)

 •  Recommended Design Specifications for Driven Bearing Piles by the Pile Driving 
Contractors Association (PDCA, 2001)

 •  The Design of Concrete Structures – Parts 1 and 2 (NZS 3101, 1982), 
Standards Association of New Zealand, 1982

 •  The Design of Concrete Structures – Parts 1 and 2 (NZS 3101, 1995), 
Standards Association of New Zealand, 1995 with Amendments through 
1998

These publications are referenced to address issues not adequately covered in the 
AASHTO Specifications, or where there are significant differences in design require-
ments between the two AASHTO Specifications. For example, requirements for the 
design of confinement reinforcement in seismic risk zones vary substantially between 
the AASHTO Specifications and some of the other codes and guidelines. Therefore, 
this chapter presents design requirements from both the AASHTO Specifications and 
those from the New Zealand Standard Code of Practice for the Design of Concrete 
Structures (1982) to enable the reader to make an informed decision when designing 
for seismic loads. However, the reader is cautioned concerning the use of an alterna-
tive design specification without prior approval of the owner.

Where self-stressing forms or beds with stationary side forms are used, the inside faces 
of the side forms are not vertical, but are given a slight outward taper (draft) to permit 
the product to be easily removed from the form. This results in the piles being slightly 
wider than the nominal dimension across the top “finished” side, and slightly nar-
rower than the nominal dimension across the bottom “formed” side. The maximum 
variation from the nominal pile size is generally no more than ±1⁄2 in., depending on 
the size of the pile. See Section 20.7.1.1.1 for additional discussion of this issue.

The form draft can generally be ignored in the design of the pile, such as when com-
puting section properties and when orienting piles in foundation units. However, 
draft may need to be considered for some strand patterns for which the strands 
located nearest to the bottom corners will govern when determining the minimum 
concrete cover. When strands are placed in a circular pattern, there are no “bottom 
corner” strands so this cover consideration does not apply.

 

20.5.2.2.3
Other Specifications and 

Guidelines

20.5.3
Pile Details

20.5.3.1
Pile Dimensions

20.5.3.1.1
Draft in Forms

20.5.2.2.3 Other Specificaitons and Guidelines/20.5.3.1.1 Draft in Forms
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Typically, the edges of the ends of piles are chamfered. In many cases, the chamfer 
is 3⁄4 in. However, some states specify the use of a 3 in. x 3⁄4 in. chamfer on the ends, 
which provides more of a crowned surface on the ends of the pile (the 3 in. leg of the 
chamfer extends toward the center of the pile).

For square piles, the longitudinal edges have a nominal 3⁄4 in. chamfer. In some cases, 
a 1 in. radius is used at the bottom corners of a pile form. Chamfers are generally 
neglected when computing section properties.

 
As mentioned in Section 20.2.2.2.1, strands are placed in piles in either a square or 
circular pattern. While it is often fairly simple to accommodate new strand patterns, 
owners or manufacturers should be consulted to identify standard patterns, which 
should be used whenever possible. Strand spacing must satisfy minimum reinforce-
ment spacing requirements to ensure proper consolidation of the concrete. Cover 
requirements must also be satisfied.

 
For piles with square patterns, an equal number of strands are typically placed on 
each face of the pile. For such an arrangement, the number of strands will be a mul-
tiple of four, and the strands will be equally spaced along each face.

Square strand patterns are used for piles when significant flexural resistance is 
required. The square pattern places the strands at a greater eccentricity, which results 
in increased capacity when compared to a circular strand pattern.

Square strand patterns are wrapped with continuous wire confinement reinforce-
ment. The design specifications imply that continuous wire wrapped in a square pat-
tern is not considered spiral reinforcement, which must be cylindrical in shape (see  
Sect. 20.5.3.2.1). Although they do not provide the same level of confinement as cir-
cular spirals, square strand patterns with continuous wire confinement reinforcement 
have been used successfully for many years. For square piles, square strand arrange-
ments afford a more favorable core to gross area ratio, a parameter that is critical for 
seismic design. However, confinement reinforcement for square strand patterns must 
be designed as “ties” rather than as “spirals.”

 
For piles with circular patterns, the strands are equally spaced around the pile. Any 
number of strands can be used.

Circular strand patterns are used for some square piles and for all octagonal and 
cylinder piles. Circular spirals are used to confine circular strand patterns. A circular 
strand pattern with a circular spiral is the preferred method of confinement for seis-
mic applications.

 
LRFD Table 5.12.3-1 requires a 2 in. minimum cover over the “main” reinforcement 
(i.e., prestressing strands or supplemental longitudinal bars) for prestressed piles in 
noncorrosive environments and 3 in. in corrosive environments. These values may 
be reduced by applying a multiplier of 0.8 for concrete with a water/cementitious 
(W/C) ratio less than or equal to 0.4. In the Standard Specifications, Article 4.5.20.3 
requires a 2-in. minimum cover, presumably from the face of the spiral to the face of 
the prestressed pile. This differs from the general cover requirement for prestressed 
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Square Patterns

20.5.3.2.2
Circular Patterns
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concrete in STD Article 9.26.1.1. The designer should also consult the owner’s speci-
fications (e.g., state highway department specifications, etc.) since these may specify 
different minimum cover requirements for the applications and exposure conditions 
encountered in a state or other jurisdiction.

The strand pattern and spiral size should be detailed so that cover requirement can be 
maintained, particularly for piles in a corrosive environment. The effect of form draft 
should be considered where appropriate, as discussed in Section 20.5.3.1.1.

 
Piles are generally manufactured in steel forms on a long line using steel headers or 
plates that form the ends of each pile as shown in Figure 20.5.3.4-1. Cross-sectional 
dimensions are defined by the form. Pile lengths are closely controlled during the 
manufacturing process. Strands are held in the proper position at pile ends as they 
pass through holes in the headers. In long piles, where the tensioned strands may sag 
between headers, chairs or other means are used to properly support the strands.

Dimensional tolerances for prestressed piles should be in accordance with  
PCI Manual MNL-116 (1999) and the owner’s specifications. The tolerances from 
MNL-116 for prestressed piles are shown in Figure 20.5.3.4-2.

Details allowing generous tolerances usually result in improved economy during 
construction, while very tight tolerances may be difficult to achieve and may increase 
project costs.

20.5.3.4
Tolerances

20.5.3.3 Concrete Cover/20.5.3.4 Tolerances

Figure 20.5.3.4-1
Prestressed Pile Forms  

with Header
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A = Length + 6 in., – 2 in.

B = Width or Diameter ± 3⁄8 in.

C =  Sweep (variation from straight line parallel to  
centerline of pile – form tolerance)

± 1⁄8 in. per 10 ft

D = Position of Tendons ± 1⁄4 in.

F = Position of Handling Devices ± 6 in.

E = Wall Thickness – 1⁄4 in., + 1⁄2 in.

G = Position of Steel Driving Tips ± 1⁄2 in.

H = Variation from Specified End Squareness or Skew ± 1⁄4 in. per 10 ft,  
± 1⁄2 in. max

I = Local Straightness any surface ± 1⁄4 in. per 10 ft

J = Longitudinal Spacing of Spiral ± 3⁄4 in.

Confinement reinforcement is required for all prestressed concrete piles. This is 
normally accomplished by wrapping the prestressing strands with a continuous wire 
“spiral,” but small diameter deformed bars in the form of spirals or ties may also be 
used. The spiral encloses all of the longitudinal reinforcement (strands) and provides 
lateral confinement along the length of the pile. It also resists bursting stresses in the 
pile head during driving. Although continuous helical wire reinforcement of either 
circular or square shape are often referred to as spirals, LRFD Article 5.2 defines a 
spiral as a “continuously wound bar or wire in the form of a cylindrical helix.”

 
Typical wire sizes used for confinement reinforcement spirals in prestressed concrete 
piles are W3.4 and W4.0. However, piles designed for seismic loads may require 
larger wire sizes to satisfy design requirements while still providing the minimum 
pitch required for concrete placement and consolidation. Wire sizes up to approxi-

20.5.3.5.1
Wire Size

20.5.3.5
Confinement Reinforcement 

Details

20.5.3.4 Tolerances/20.5.3.5.1 Wire Size
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Manufacturing Tolerances for 
Prestressed Piles [PCI Manual 
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mately W6.0 can be readily accommodated without requiring adjustment to the pile 
manufacturer’s setup or production methods. It is reported that when wire sizes above 
W6.0 are used, the spiral cannot be readily collapsed to facilitate placement of strands 
through the spiral reinforcement (Sheppard, 1983). Pile manufacturer’s production 
systems can be adapted to handle spiral sizes up to approximately W14, but beyond 
this size it may be difficult to roll the wire into tight enough spirals for smaller diam-
eter piles. Different sizes of wires may be used for different portions of the pile as long 
as the sections of spiral reinforcement are properly spliced.

 
Wire used for spirals typically has a yield strength greater than 60 ksi. If this higher 
yield strength can be used in the design of spiral reinforcement for piles, the pitch can 
be increased for a given wire size. The increased pitch reduces reinforcement conges-
tion and the quantity of spiral required, both of which can have a significant impact 
on the cost of prestressed concrete piles. Research has demonstrated the benefits of 
using the higher yield strength in the design of spiral reinforcement (Pessiki and 
Graybeal, 2000; Pessiki, et al, 2001).

LRFD Article 5.4.3.1 permits design of mild steel reinforcement using a yield 
strength of up to 75 ksi. However, other articles in both the Standard Specifications 
and the LRFD Specifications limit the use of design yield strengths in mild reinforce-
ment to 60 ksi. Because the impact of these requirements are different for piles used 
in typical bridge applications and for those used in seismic risk zones, design yield 
strength of confinement reinforcement is discussed further in Sections 20.5.4.1 and 
20.5.4.2.

 
The splicing of wire spirals used for confinement in piles is addressed in LRFD 
Article 5.10.6.2 for typical situations. Splices may be of the following types:

 •  Lap splices of 48 uncoated bar diameters, 72 coated bar diameters, or 48 wire 
diameters

 • Approved mechanical connectors

 • Approved welded splices

For piles in seismic areas, the requirements for splicing of spirals in plastic hinge 
regions differ in the Standard Specifications and LRFD Specifications. The PCI 
Recommended Practice (1993) report also makes recommendations for splicing of 
spirals in seismic applications. These requirements and recommendations are covered 
in Section 20.5.4.2.

LRFD Article 5.13.4.4.3 requires that longitudinal prestressing strands be enclosed in 
a confinement reinforcement spiral meeting the following requirements:

 For nominal pile sizes not greater than 24 in.:

  •  Spiral wire shall be a minimum of W3.4 (Asp = 0.034 in.2) (see note 
below)

  • Pitch of 1 in. for 5 turns (approximately 6 in.) at both ends of pile

  • Then, a pitch of 3 in. for 16 turns

  • Pitch of 6 in. for the remainder of the pile

20.5.3.5.2
Yield Strength of Wire

20.5.3.5.3
Splices in Confinement 

Reinforcement

20.5.4
Confinement Reinforcement 

Requirements

20.5.4.1
Typical Requirements

20.5.3.5.1 Wire Size/20.5.4.1 Typical Requirements
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   Note: The article indicates use of W3.9. However, this appears to be a 
typographical error because it does not agree with other specifications and 
references. Some states may specify use of W3.4 wire for this condition. The 
Standard Specifications require a No. 5 gage wire, which is essentially equiva-
lent to a W3.4 wire.

 For nominal pile sizes greater than 24 in.:

  • Spiral wire shall be a minimum of W4.0 (Asp = 0.040 in.2)

  • Pitch of 11⁄2 in. for 4 turns (approximately 6 in.) at both ends of pile

  • Then, a pitch of 2 in. for 16 turns

  • Pitch of 4 in. for the remainder of the pile

Standard Specifications requirements (Art. 4.5.20.3) are similar to the above. Typical 
spiral details are shown in Figures 20.5.4.1-1 and 20.5.4.1-2.

It is important to note that the requirements for spiral reinforcement given above 
represent minimum requirements. They apply to foundations in which only minor 
lateral loads are transmitted to the piles and where the piles are laterally supported by 
the soil for the majority of their length.

In general, transverse hoop or spiral confinement reinforcement in piles (and other 
compression members) serve three functions:

 1)  To confine the compressed concrete core so that it is capable of carrying 
stress at high compressive strains

 2)  To prevent buckling of compressed longitudinal reinforcing bars and tendons 
at large deformations

 3) To provide adequate shear resistance

20.5.4.1 Typical Requirements
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In situations where a pile is subject to a high degree of flexure or where a significant 
length of pile is above ground, in the water or is supported by extremely soft soil, 
the pile should be designed for the axial loads, moments and shears determined by 
analysis, according to the methods detailed in Section 20.5.6. This may result in 
confinement reinforcement sizes and quantities greater than those determined by 
minimum requirements.

The wire used for spirals typically has a yield strength greater than 60 ksi. The 
AASHTO Specifications place limits on the maximum yield strength that can be 
considered in design, but these requirements have minimal impact on piles used for 
typical (non-seismic) applications. The impact of limiting yield stress on spiral rein-
forcement in seismic applications will be discussed in the following section.

 
The top of large diameter cylinder piles must be given special consideration depend-
ing on driving conditions, as discussed in Section 20.5.8.2.3.

Prestressed concrete piling can be designed to resist the extreme loading conditions 
that may occur during seismic events without experiencing failure if appropriate 
design and detailing procedures are followed. The capability for prestressed piles to 
withstand curvature or provide rotational ductility is extremely important during 
a seismic event and is a function of many factors. Ductility in members with axial 
loading and bending can be increased by reducing the primary reinforcement ratio 
or yield strength, increasing the concrete compressive strength or reducing the axial 
compression load on the pile.

The best way to ensure ductility is to provide adequate confinement reinforcement in 
the compression zone of the member. This can be accomplished in prestressed con-
crete piles by using a spiral along the full length of the member. The size and pitch 
of spiral required, expressed subsequently in this chapter as a ratio of spiral volume 
to core volume, ρs, varies depending on the magnitude and location of maximum 
bending (curvature) and potential plastic hinge regions in the pile.

 
Many of the applicable building and bridge design specifications in use today, includ-
ing the AASHTO Specifications, can trace the origin of their requirements concern-
ing spiral reinforcement of compression members to ACI Committee 105. Eq. (10-5) 
of ACI 318-02 “Building Code Requirements for Structural Concrete” was first incor-
porated into the code in 1963 based on recommendations from ACI Committee 105 
(ACI 318-02, 2002). The spiral required by the ACI equation (see Sect. 20.5.4.2.2) 
is often referred to as an “ACI spiral.” Although the ACI spiral is widely used for 
column design under typical service loads, as well as seismic loads, its adoption for 
piling is less universal. Some design codes use variations of the ACI spiral equation 
based on more specific pile related research; others use formulations based on either 
research or empirical methods. Besides differing in the volume of spiral required, the 
major specifications also differ in how they define the limits of the ductile, or poten-
tial plastic hinge, regions of a pile being designed for seismic loads.

Although use of the ACI spiral generally ensures ductile behavior, it is often difficult 
to provide the required amount of spiral reinforcement in a pile. The situation is 
worsened with square piles in which the prestressing strands are arranged in a circu-

20.5.4.1.1
Other Design Considerations

20.5.4.2
Seismic Requirements

20.5.4.2.1
General

20.5.4.2.2
Requirements in ACI 318-02

20.5.4.1 Typical Requirements/20.5.4.2.2 Requirements in ACI 318-02



Chapter 20

PRECAST PRESTRESSED CONCRETE PILES
PCI brIdge desIgn manual

sePt 04

lar pattern because the ratio of the gross pile area to the core area, Ag/Ac, (see Sect. 
20.5.4.2.2) is unfavorable for square members containing circular spirals. The ratio is 
also particularly unfavorable for small piles and piles with larger cover requirements. 
The determination of spiral ratio, steel area and spacing for an ACI spiral is unre-
lated to flexural or shear requirements. Instead, the equation determines the spiral 
reinforcement required to confine the concrete in the core of the member so that 
the axial design load that can be supported after the concrete cover has spalled off 
is equal to the capacity before the cover spalled off. The result is a heavy and closely 
spaced spiral that greatly increases the cost of a pile and makes fabrication difficult 
(Fig. 20.5.4.2.2-1). Research has shown that adequate pile ductility in a seismic 
event can be achieved with lighter spirals than the ACI spiral (Sheppard, 1983; Joen 
and Park, 1990).

 
The use of the ACI spiral in piles for the purpose of achieving flexural ductility is not 
recommended. The ACI spiral equations were derived for axial compressive strength 
considerations, but the axial strength of a pile is rarely governed by its structural 
capacity. It is usually controlled by the bearing capacity of the soil. Therefore, the 
structural capacity of the core alone, without the contribution of the cover, is often 
sufficient to resist the factored design loads on the pile. Under such conditions, other 
methods can be substituted for the ACI spiral equation, as long as the core can resist 
the maximum factored axial loads and adequate transverse reinforcement is provided 
to satisfy the three functions noted in Section 20.5.4.1. This practice is consistent 
with the provisions of Section 21.4.4.1 of ACI 318-02 (2002), which state: “If 
the design strength of member core satisfies the requirement of the design loading 
combinations including earthquake effect, Eq. (21-3) [equivalent to Eq. (10-5) for 
rectangular hoop] and (10-5) need not be satisfied.” Once the designer has verified 
that the core can resist the maximum factored axial loads and sufficient transverse 
reinforcement is provided to resist the factored shear loads, ACI 318-02 gives little 
guidance on how to confine the compressed core and prevent buckling of the longi-
tudinal bars in an earthquake. The PCI recommendations presented subsequently in 
this section can be used to satisfy these latter two requirements.

20.5.4.2.3
Recommended Alternative 

Approach

20.5.4.2.2 Requirements in ACI 318-02/20.5.4.2.3 Recommended Alterative Approach

Figure 20.5.4.2.2-1
Reinforcing Cage for  

Prestressed Cylinder Pile in 
Seismic Risk Area
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Designers should critically assess the requirements for spirals in piles designed for 
seismic conditions. The increased material and labor costs and greater difficulty in 
manufacturing that can result from piles designed according to the seismic design 
provisions in both of the AASHTO Specifications may cause a prestressed concrete 
pile option to be uncompetitive when compared to other foundation alternatives. 
Heavy spirals cause production problems for precast piles, more so than for cast-in-
place columns, because the former are cast in the horizontal position. Large spiral 
diameters and reduced spiral pitches tend to make concrete placement and consolida-
tion difficult. Concrete must be placed and vibrated through two layers of confine-
ment reinforcement along the entire length of the pile. Excessively large spiral wire 
at a close pitch (< 2 in.) can cause congestion within the pile and make it difficult 
to place low slump concrete with normal size coarse aggregate. Also, as the pitch 
becomes smaller, there is an increased tendency for the concrete cover outside the 
spiral to spall off during pile driving.

 
The current AASHTO Specifications are overly conservative for the design of spiral 
or tie reinforcement in prestressed concrete piles subject to seismic loads. Therefore, 
the following sections of this chapter present both the AASHTO Specifications 
requirements and the current PCI recommendations for design of confinement rein-
forcement in piles.

The PCI recommendations given in Section 20.5.4.2.5 for spiral or tie volumes 
in the plastic hinge zone are more conservative than those presented in the PCI 
Recommended Practice (1993) report. They are subject to change as existing data is 
reviewed and additional information becomes available in the future. Because the 
equations are based on ductility considerations, their use is more appropriate to the 
design of prestressed piles in seismic regions than current provisions of the AASHTO 
Specifications. Nonetheless, additional analytical research is needed to further refine 
the recommendations so that they provide an adequate level of safety with due con-
sideration for design simplicity, cost effectiveness and ease of fabrication.

The PCI recommendations are based largely on research performed in New Zealand 
(Park, 1983; NZS 3101, 1982). They are presented for consideration as an interim 
alternative to the AASHTO Specifications requirements, in part because the latter 
uses the unmodified ACI spiral equations, but also because experimental results from 
prestressed piles subjected to cyclic loading have shown good correlation with the 
New Zealand research recommendations.

PCI researchers studying this topic feel that a further promising approach will involve 
the use of currently available test results to determine spiral reinforcing quantities that 
provide specific levels of ductility for different values of maximum axial design load. 
This approach may lead to future pile designs that provide both the desired seismic 
performance and contructibility improvements that will result in more economical, 
uniform and high quality piling foundations.

Methods for design of confinement reinforcement for prestressed concrete piles in 
seismic applications are similar in the Standard Specifications (Division IA – Seismic 
Design) and the LRFD Specifications. The former specification served as the starting 
point for development of the latter. Both specify spiral size and spacing require-
ments based on the severity of the design earthquake as reflected by the magnitude 
of the acceleration coefficient. The Standard Specifications (Division IA) use Seismic 
Performance Categories (SPC) denoted A through D, with SPC D being associated 

20.5.4.2.3.1
Comparison of Alternative 

Spiral/Tie Requirements

20.5.4.2.3 Recommended Alterative Approach/20.5.4.2.3.1 Comparison of Alternative Spiral/Tie Requirements
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with the highest acceleration coefficient. The LRFD Specifications use Seismic Zones 
(SZ) from 1 to 4, with 4 being the most severe.

Aside from the design of connections between superstructure and substructure, SPC 
A (SZ 1) requires no special consideration of seismic forces for the design of structural 
components. For SPC B (SZ 2) and SPCs C and D (SZs 3 and 4), both specifications 
require that the full length of the primary reinforcement (prestressing strands) be 
enclosed in steel spirals or equivalent ties meeting the following minimum require-
ments, respectively:

 •  For SPC B (STD Division IA – Article 6.4.2(C)) or SZ 2 [LRFD Art. 5.13.4.6.2c 
& d] – Spiral reinforcement or equivalent ties of not less than a No. 3 bar shall 
be provided at a pitch not exceeding 9 in., except that a pitch of 3 in. shall be 
provided within a confinement length not less than 2 ft (and a minimum of 11⁄2 
pile diameters by LRFD Specifications) below the pile cap reinforcement.

 •  For SPCs C and D (STD Division IA – Article 7.4.2(C)) or SZs 3 and 4 [LRFD 
Art. 5.13.4.6.3] – Spiral reinforcement or equivalent ties of not less than a  
No. 3 bar shall be provided at a pitch not exceeding 9 in., except that a pitch 
of 3 in. shall be provided within a confinement length (plastic hinge region) 
not less than 2 ft or 2 pile diameters below the underside of the pile cap or 4 ft 
below the top of the pile, unless it can be shown that there will be no signifi-
cant lateral deflection in the pile resulting from deformation (i.e., no significant 
curvature in pile). If analysis indicates that a plastic hinge can form at a lower 
level, the plastic hinge confinement length shall extend to that level. Transverse 
reinforcement in the plastic hinge region shall also meet the minimum volumet-
ric requirements described below.

In addition to the minimum spiral (tie) diameter and spacing requirements noted 
above, the Standard Specifications and LRFD Specifications also specify minimum 
volumetric ratios that the confining reinforcement in the plastic hinge region must 
satisfy for SPCs C and D (SZs 3 and 4). The equations in the two specifications are 
identical; both were derived from the ACI 318-02 Building Code Requirements for 
Structural Concrete (i.e., commonly referred to as the ACI spiral equations).

 •  The minimum volumetric ratio of spiral or circular hoop reinforcement,  
ρs = 4Asp /(dcs), shall not be less than the larger of:

  ρs = 0.45 
f ć

fyh

 
Ag

Ac

 – 1  [LRFD Eq. 5.7.4.6-1]

  or

  ρs = 0.12 
f ć

fyh
 [LRFD Eq. 5.10.11.4.1d-1]

 •  The minimum total cross-sectional area of rectangular hoop reinforcement 
(Ash) shall not be less than the larger of:

  Ash = 0.30shc 
f ć

fyh
 

Ag

Ac

 – 1  [LRFD Eq. 5.10.11.4.1d-2]

  or

  Ash = 0.12shc 
f ć

fyh
 [LRFD Eq. 5.10.11.4.1d-3]

20.5.4.2.4
AASHTO Specifications 

Requirements

20.5.4.2.3.1 Comparison of Alternative Spiral/Tie Requirements/20.5.4.2.4 AASHTO Specifications Requirements
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  where

Ag = gross cross-section area of column

f ć = 28-day compressive strength of concrete

Ash = area of wire or bar used in hoop

s = vertical spacing of transverse reinforcement

Ac =  area of column core measured to outside of transverse confining 
reinforcement

fyh = yield strength of transverse confining reinforcement

dc = diameter of core measured out-to-out of spiral

hc =  core dimension measured center-to-center of transverse confining 
reinforcement in the direction under consideration

  Note: In the 2001 Interims to the LRFD Specifications, the wording in  
Article 5.10.11.4.1d was revised concerning the governing equations for ρs and 
Ash. As reworded, the specifications require that ρs “satisfy either” Eq. (5.7.4.6-1)  
“or” Eq. (5.10.11.4.1d-1) and Ash “satisfy either” Eq. (5.10.11.4.1d-2) “or”  
Eq. (5.10.11.4.1d-3), whereas previously the wording stated that ρs (Ash) “shall 
not be less than either that required in” the first equation or the second. This 
rewording seems to imply that only one of the conditions needs to be met for cir-
cular spirals or square ties. However, there is evidence to suggest that the authors 
of the specifications had not intended this interpretation of the revised wording 
and that both conditions must still be met for either circular spirals or square 
ties. A proposal has been submitted to the AASHTO Specifications committee to 
change the language of the code to restore the original intent of the provisions.

It is interesting to note that ACI 318-02 (2002) utilizes the same equations (for 
general compression members) as the LRFD Specifications pile equations, with the 
exception of a 0.09 factor in place of the 0.12 factor in LRFD Eq. (5.10.11.4.1d-3). 
ACI 318-02 states in the commentary that LRFD Eq. (5.10.11.4.1d-1) and LRFD 
Eq. (5.10.11.4.1d-3) “govern for large-diameter columns, and are intended to ensure 
adequate flexural curvature capacity in yielding regions.” It also states that LRFD 
Eq. (5.7.4.6-1) and LRFD Eq. (5.10.11.4.1d-2) do not need to be satisfied “if the 
design strength of the member core satisfies the requirement of the design loading 
combinations including earthquake effect,” as was noted in the previous section of 
this Manual.

Both STD Division IA Article 7.6.2.(E)2 and LRFD Article 5.10.11.4.1e distinguish 
between piles that are part of a footing group and piles that make up a pile bent by 
imposing additional design requirements on the latter category of substructures. 
Transverse confinement reinforcement of piles in pile bents must meet the following 
additional criteria:

 •  From the underside of bent cap and over a length equal to the greater of the 
maximum pile dimension, 1⁄6 the clear height of the pile (i.e., the portion acting 
as an unsupported column) or 18 in., the pile shall be reinforced as a plastic 
hinge region using the minimum required transverse steel spacings and volu-
metric ratios described previously

 •  Over a length extending from 3 times the maximum pile dimension below the 
point of moment fixity to a point not less than the maximum pile dimension or 
18 in. above the mud line, the pile shall be reinforced as a plastic hinge region 
using the minimum required transverse steel spacings and volumetric ratios 
described previously

20.5.4.2.4 AASHTO Specifications Requirements
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STD Division IA Article 7.6.2(D) and LRFD Article 5.10.11.4.1d limit the yield 
strength of confinement reinforcement in plastic hinge regions to not more than 
that of the longitudinal reinforcement. As applied to prestressed concrete piles, 
this restriction is somewhat ambiguous since these members often utilize prestress-
ing strands alone for longitudinal reinforcement. STD Article 8.3.3, however, 
explicitly limits design yield strength of any reinforcing steel to 60 ksi, and STD  
Article 8.18.2.2.2 reiterates its application to column spirals. LRFD Article 5.8.2.8 
limits the design yield strength of transverse reinforcement to 60 ksi, but it is ques-
tionable whether this requirement is applicable to piles. LRFD Article 5.4.3.1, which 
states “...yield strengths in excess of 75.0 ksi shall not be used for design purposes,” 
allows a higher limit for reinforcement yield strength than 60 ksi.

The use of higher yield strength spirals can be very beneficial in prestressed concrete 
piles designed for seismic loadings. The resulting increase in spiral pitch can translate 
directly into reduced costs in materials, labor and fabrication complexity, eliminat-
ing many of the potential problems discussed in Section 20.5.4.2.3 of this Manual. 
Research has demonstrated the effectiveness using higher yield strengths in the design 
of spiral reinforcement (Pessiki and Graybeal, 2000; Pessiki, et al, 2001). Even so, it 
is recommended that designers consult with bridge owners and local fabricators prior 
to incorporating spiral reinforcement with yield strengths greater than 60 ksi into the 
design of a pile foundation.

 
For piles in seismic areas, STD Division IA Article 7.6.2(E) prohibits lap splic-
ing of spirals in plastic hinge regions. Full strength lap welds are required. LRFD  
Article 5.10.11.4.1d requires that splices of spiral reinforcement within plastic hinge 
zones be made by welding or by the use of mechanical connectors. Requirements for 
mechanical connections and welded splices are given in LRFD Articles 5.11.5.2.2 
and 5.11.5.2.3, respectively.

Although permitted by the LRFD Specifications, mechanical couplers used in typical 
pile cross-sections generally violate cover requirements and are therefore not a practi-
cal solution. Also, weldability of the spiral steel may be a problem if high-strength 
spiral is used. If spiral splices cannot be located outside the plastic hinge zone and 
high-strength spiral is required, the only practical option may be to use a full lap 
splice with 135° hooks at each end.

 
Because axial load and pile deformation demands are not known with sufficient 
accuracy to justify calculation of transverse reinforcement requirements for a spe-
cific design earthquake, this section recommends minimum volumetric ratios for 
circular steel patterns and minimum areas for square steel patterns based on seismic 
zones (SZ), as defined in LRFD Article 3.10.4. The format of the equations were 
derived from research conducted in New Zealand (Priestley, et al, 1981 and Park and 
Falconer, 1980) and from the New Zealand Standard Code of Practice for the Design 
of Concrete Structures (NZS 3101, 1982).

These recommendations specify minimum spiral and hoop requirements for two 
seismic zone categories: (1) SZ 2, and (2) SZ 3 and SZ 4. For both categories the 
length and location of the ductile (plastic hinge) region, the maximum pitch (spac-
ing) of spiral (hoop) reinforcement in the plastic hinge region, and the size and 
spacing of confining reinforcement outside the plastic hinge region are as given in  
Section 20.5.4.2.4 for the AASHTO Specifications requirements.

20.5.4.2.4.2
Splicing of Spiral 

Reinforcement

20.5.4.2.5
PCI Recommendations

20.5.4.2.4.1
Spiral Yield Strength

20.5.4.2.4.1 Spiral Yield Strength/20.5.4.2.5 PCI Recommendations
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The minimum volumetric ratio of spiral reinforcement, ρs, or total cross-sectional 
area of rectangular hoops and ties, Ash, for the two categories of seismic zones are 
computed as follows:

 
The minimum volumetric ratio of circular spiral or hoop reinforcement,  
ρs = 4Asp /(dcs), in the ductile region shall not be less than:

ρs = 0.12 
f ć

fyh

 0.5 + 1.4 
Pu + fpcAg

f ćAg

 and not less than 0.007 (Eq. 20.5.4.2.5.1-1)

The minimum total cross-sectional area of rectangular hoop reinforcement (Ash) shall 
not be less than:

Ash = 0.09shc 
f ć

fyh

 0.5 + 1.4 
Pu + fpcAg

f ćAg

 and not less than 0.005shc 
     (Eq. 20.5.4.2.5.1-2)

where

 Pu = Factored axial load on pile.

 fpc =  Axial compressive stress in the concrete due to prestress alone  
(Park, et al, 1983).

The remaining terms are defined in Section 20.5.4.2.2.

 
The minimum volumetric ratio of circular spiral or hoop reinforcement,  
ρs = 4Asp /(dcs), in the ductile region shall not be less than the following:

ρs = 0.45 
f ć

fyh

 
Ag

Ac

 – 1  0.5 + 1.4 
Pu + fpcAg

f ćAg

  (Eq. 20.5.4.2.5.2-1)

and

ρs = 0.12 
f ć

fyh

 0.5 + 1.4 
Pu + fpcAg

f ćAg

  (Eq. 20.5.4.2.5.2-2)

and

ρs = 0.007  (Eq. 20.5.4.2.5.2-3)

The minimum total cross-sectional area of rectangular hoop reinforcement (Ash) shall 
not be less than the following:

Ash = 0.30shc 
f ć

fyh

 
Ag

Ac

 – 1  0.5 + 1.4 
Pu + fpcAg

f ćAg

  (Eq. 20.5.4.2.5.2-4)

and

Ash = 0.12shc 
f ć

fyh

 0.5 + 1.4 
Pu + fpcAg

f ćAg

  (Eq. 20.5.4.2.5.2-5)

and

Ash = 0.007shc  (Eq. 20.5.4.2.5.2-6)

All terms are defined in Section 20.5.4.2.4.

20.5.4.2.5.1
Seismic Zone 2

20.5.4.2.5.2
Seismic Zones 3 and 4

20.5.4.2.5 PCI Recommendations/20.5.4.2.5.2 Seismic Zones 3 and 4
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Eq. (20.5.4.2.5.2-2) and Eq. (20.5.4.2.5.2-5) generally govern for large-diameter 
piles, and are intended to ensure adequate flexural curvature capacity in the plastic 
hinge regions (ACI 318-02, 2002). The term [0.5 + 1.4 (Pu + fpcAg)/(f ćAg)] is a modi-
fier to take into account the level of axial load on the pile. The term was introduced 
into the New Zealand Concrete Design Code (NZS 3101, 1982) with slightly dif-
ferent coefficients because it was found from theoretical moment-curvature analysis 
that calculated values of ρs tended to be too conservative for low axial load levels and 
tended to be unconservative for high axial load levels (Park and Falconer, 1983).

The PCI Recommended Practice (1993) report recommends limiting the yield strength 
of spiral reinforcement to 85 ksi. However, as stated in the previous section, the 
AASHTO Specifications specify lower limits on yield strengths, so it is important to 
gain approval from the owner prior to specifying spiral yield strengths greater than 
60 ksi on a project.

PCI Recommended Practice (1993) also specifies requirements for splices of spiral rein-
forcement in plastic hinge regions. Unlike the AASHTO Specifications, it permits the 
use of lap splices provided the spirals are lapped one full turn and the ends are bent 
into a 135° hook. Mechanical connectors capable of developing 125% of the spiral 
yield strength and welded splices are also permitted.

 
Seismic requirements for transverse reinforcement in piles must be satisfied along 
with requirements in other applicable sections of the specifications, with the most 
critical provisions governing. Whether spirals or ties are used, it is important that tie 
hooks and spiral splices be detailed in accordance with applicable seismic require-
ments of the governing specifications.

For driven piles, the heavily reinforced confinement length or plastic hinge region at the 
top of a pile, and at other predetermined locations, must consider potential variations 
in pile tip and cutoff elevations. The degree of uncertainty in final as-built tip elevations 
will influence the required tolerance for the design length of the ductile region.

 
Additional research is still needed to assess the behavior of prestressed concrete cylin-
der piles and other shapes of hollow piles during seismic events. While there are no 
known problems to date concerning their use in seismic applications, the equations 
presented in the previous two sections were developed for solid pile sections. Their 
use should not be extrapolated to hollow pile sections without a thorough under-
standing of their limitations and applicability.

Hollow core piles have been used successfully in high seismic risk zones. In many 
instances the pile voids are reinforced and filled with concrete from the top of the 
pile to beyond the limits of the potential plastic hinge region. This practice provides 
additional axial and bending resistance to the pile in the critical curvature region and 
permits design of the hinge region as a solid cross-section for seismic purposes.

 
Precast, prestressed concrete elements are unique when compared to reinforced con-
crete structures, which are usually cast in place and designed using strength methods. 
Precasting and prestressing afford the opportunity for plant cast (off-site) manufac-
turing and for the use of concrete piles with minimal cracking at service loads. To 
minimize the potential for cracking of piles during handling, transportation, instal-

20.5.4.2.6
Other Considerations

20.5.4.2.6.1
Hollow Piles

20.5.5
Working Stress Design

20.5.4.2.5.2 Seismic Zones 3 and 4/20.5.5 Working Stress Design
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lation, and service conditions, stresses must be evaluated at each of these stages and 
for all critical loading conditions.

 
Both LRFD Article 5.13.4.4.3 and STD Article 4.5.20.2 require that prestressed 
concrete piles have a minimum effective prestress (compressive stress) of 700 psi after 
all prestress losses have occurred to prevent cracking during handling and installation. 
LRFD Commentary Article C5.13.4.4.3 indicates “a lower compressive stress may be 
used if approved by the Owner.”

For pile lengths in excess of 50 ft, the likelihood of developing tensile stresses dur-
ing driving increases, so it may be necessary to increase the effective prestress level to 
between 700 psi and 1200 psi (PCI Recommended Practice, 1993). PCI Recommended 
Practice (1993) reports that very short piles have been successfully installed with levels 
of effective prestress as low as 350 to 400 psi and that prestress levels up to 0.2 f ć and 
higher have been used successfully for pile applications where significant moment 
resistance was required.

The project geotechnical engineer should be consulted to determine the level of 
effective prestress required in a pile based on anticipated driving conditions and 
driving stresses. The estimated driving stresses depend on the soil conditions at the 
site and the size, type and velocity of hammer (driving energy) that is expected to 
be used on the project. Wave equation analyses can be used to estimate the required 
prestress level, and dynamic measurements during driving can then be used to check 
for potential problems. The effective prestress level in the pile should be chosen to 
enable the contractor to drive the piles quickly, efficiently and with minimal damage 
to the piles. Using a low effective prestress in the concrete in an attempt to reduce 
the amount of prestressing steel may force the contractor to reduce driving stresses to 
avoid damaging the piles, which may result in reduced driving speed and increased 
installation costs.

 
Loss of prestress is caused by relaxation in the prestressing strands and from the short-
ening of a concrete member caused by a number of factors. A reasonable estimate of 
prestress losses is important because stresses at the various stages in the life of the pile 
cannot be evaluated without knowing the “effective prestress” level at each stage.

The different components of prestress loss are:

 •  Elastic Shortening – Elastic shortening is caused by compression of the concrete 
as the pretensioning force is transferred from the abutments to the concrete. As 
the concrete shortens, the strands shorten with it, thereby reducing the prestress 
in the strands.

 •  Concrete Shrinkage – Concrete shrinks as it cures. That portion of the shrinkage 
that takes place after transfer results in loss of prestress.

 •  Concrete Creep – Concrete under sustained compression shortens due to creep. 
Losses are experienced as this shortening takes place.

 •  Steel Relaxation – Relaxation is a time-dependent reduction of stress in the pre-
stressing strands. See Section 2.7.3 for further discussion concerning relaxation.

Prestress losses can be calculated for piles using the methods detailed in STD  
Article 9.16.2 and LRFD Article 5.9.5. These methods are discussed in detail in 

20.5.5.1
Recommended Effective 

Prestress

20.5.5.2
Loss of Prestress

20.5.5 Working Stress Design/20.5.5.2 Loss of Prestress
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Chapter 8. However, some aspects of the general methods need to be adjusted for use 
with piles as discussed below.

Typically, at the time of handling and transportation of piles, all prestress losses have 
not yet occurred. Therefore, the available effective prestress force will be higher than 
the eventual effective prestress force after all losses. This should be considered in 
design, particularly when compression is critical. However, assuming that all losses 
have occurred provides an additional margin against cracking of piles during han-
dling and transportation.

An example of prestress loss calculations for a pile is given in the design example in 
Section 20.9.2.

 
Calculation of the prestress loss resulting from elastic shortening is simplified because 
the prestress is concentric, so bending need not be considered.

The equations in the AASHTO Specifications assume that elastic shortening is 
caused by the initial application of the prestress force at transfer. In the case of piles, 
it is also caused by applied loads, because they add to the compression in the pile. 
However, depending on whether the pile derives its primary axial resistance from side 
friction or tip bearing, the magnitude of prestress loss may be difficult to determine 
at the pile critical section. In most cases, elastic shortening loss from applied loads is 
generally not critical and can be neglected when computing the effective prestress in 
strands for piles.

 
Prestress losses due to shrinkage of concrete and relaxation of the prestressing steel 
can be computed using the equations for typical prestressed members. However, the 
typical shrinkage related prestress loss may be reduced in some cases since drying of 
the concrete is halted once the piles are driven into a moist environment.

 
In the LRFD Specifications, the equation for estimating creep loss in prestressed con-
crete members, ΔfpCR, is:

ΔfpCR = 12.0 fcgp – 7.0 Δfcdp ≥ 0 [LRFD Eq. 5.9.5.4.3-1]

where

 fcgp  =  concrete stress at center of gravity of prestressing steel at transfer (com-
pression is positive)

 Δfcdp =  change in concrete stress at center of gravity of the prestressing steel due 
to permanent loads, with the exception of the load acting at the time the 
prestressing force is applied. Values of Δfcdp (tension is positive) should 
be calculated at the same section or sections at which fcgp is calculated.

The equation in the Standard Specifications used to estimate prestress loss caused by 
creep [STD Eq. 9-9] is the same as the equation shown above, except for different 
notation.

20.5.5.2.1
Elastic Shortening

20.5.5.2.2
Shrinkage and Relaxation

20.5.5.2.3
Creep

20.5.5.2 Loss of Prestress/20.5.5.2.3 Creep
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For a flexural member, the second term in the above equation reflects the reduction 
in compression at the level of the prestressing steel that occurs with the addition of 
dead load. The reduced compression results in a reduction in creep, hence the nega-
tive sign preceding the second term.

However, for piles any applied dead load increases the compression in the member, 
which increases the creep. Also, there is no dead load present at transfer since the piles 
are cast horizontally. Consequently, the value of Δfcdp, the change in concrete stress at 
center of gravity of the prestressing steel due to permanent loads, will be compressive, 
and therefore negative in sign. For prestressed piles, the terms, fcgp and Δfcdp, can be 
more specifically defined as follows:

 fcgp  =  concrete stress at center of gravity of prestressing steel at transfer (com-
pression is positive)

   =  initial effective prestress force, which may be estimated as 0.7 fpu, 
multiplied by the total area of prestressing strands divided by the cross-
sectional area of the pile 

 Δfcdp =  change in concrete stress at center of gravity of prestressing steel due 
to permanent loads, including the self-weight of the pile, if significant. 
Values of Δfcdp (compression is negative – i.e., fcgp and Δfcdp are additive) 
should be calculated at the same section or sections at which fcgp is calcu-
lated.

   =  total dead load acting on the pile divided by the cross-sectional area of 
the pile

The term, Δfcdp, is usually small and can often be neglected when determining the 
final effective prestress in the pile.

Requirements for allowable service load stresses in prestressed concrete piles during 
production, installation and service appear in several different articles in the Standard 
Specifications. A summary of the allowable limits is given in Table 20.5.5.3.1-1.

 
Limiting stresses for prestressed concrete piles at the Service Limit State in the  
LRFD Specifications generally follow the stress limits for prestressed concrete mem-
bers in the Standard Specifications. In the LRFD Specifications, f ć and fpc are defined in 
ksi. For the purpose of direct comparison with the Standard Specifications, the limits 
in Table 20.5.5.3.2-1 have been shown in both ksi and psi.

 
Piles are subjected to several types of loading from lifting the piles out of the forms to 
service condition axial and bending loads in the completed structure. A typical pile is 
subjected to bending stresses due to stripping when the pile is only a few hours old. 
Handling during storage, hauling to the job site, raising to a vertical position, and 
driving often cause stresses greater than those experienced after the pile is installed in 
its final position. Therefore, it has often been said that every prestressed concrete pile 
is “load tested” before it ever gets into service.

Flexural stresses must be investigated for all conditions of handling, storage and 
transportation. STD Articles 4.5.16.9 and 4.5.20.2 and LRFD Articles 5.9.4.1.2 and 
5.13.4.1 require that stress analysis involving handling activities consider the weight 

20.5.5.3
Allowable Service Load 

Stresses

20.5.5.3.1
Standard Specifications

20.5.5.3.2
LRFD Specifications

20.5.5.4
Handling and Transportation 

Stresses

20.5.5.2.3 Creep/20.5.5.4 Handling and Transportation Stresses
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of the pile plus a 50% impact force. Tensile stresses should be limited to 5√f ć (f ć in 
psi) for these activities.

 
Piles are generally cast on a one- or two-day cycle. Designers should recognize that 
the cost of piles is dependent upon the manufacturer being able to cycle forms in 
the least amount of time. For this reason, the specified concrete strength at transfer 
should be held to the minimum strength required for design and handling require-
ments. The Standard Specifications (Art. 9.23) require a minimum concrete strength 
at transfer of 3,500 psi for piles (the LRFD Specifications do not require a minimum 

Table 20.5.5.3.1-1
Allowable Service Load Stresses for Prestressed Concrete Piles – Standard Specifications

Description Stress Limit (psi) STD Article

Handling stresses:

Compute stresses using a 50% increase in pile weight for impact. (Note: f ć 
should be concrete strength at time of handling operations if prior to 28 
days)

f ć & fpc 

Tension 5√f ć 4.5.20.2

Compression 0.60f ć 9.15.2.2

Driving stresses: 4.5.11

Compression 0.85f ć – fpc

Tension (normal environments) 3√f ć + fpc [See Note 2]

Tension (severely corrosive environments) fpc

Service condition stresses (axial + bending): 9.15.2.2

Compression (all loads) 0.60f ć

Compression (dead + effective prestress) 0.40f ć

Compression (1⁄2 dead + 1⁄2 effective prestress + live) 0.40f ć [See Note 3]

Tension (normal environments) 6√f ć

Tension (severely corrosive environments) 3√f ć [See Note 4]

Service condition stresses (concentrically loaded):

Compression (fully embedded, laterally-supported) 0.33f ć – 0.27fpc 4.5.7.3

Tension – Permanent and repetitive 0 [Not addressed  
by STD –  

See Note 5]
Tension – Transient 6√f ć

Notes:

1)  f ć and fpc are in psi and are defined in Section 20.5.5.7.

2)  PCI Recommended Practice (1993) recommends 6√f ć for tensile driving stresses in normal environments.

3)  This stress limit is intended to ensure adequate fatigue behavior in prestressed concrete members. Where fatigue 
is not a concern, which is usually the case for piles, it is not necessary to check this requirement.

4)  For permanent and repetitive loads, PCI Recommended Practice (1993) does not permit any tension due to 
bending in corrosive environments.

5)  Uniform axial tensile stresses in piles are not specifically addressed in the Standard Specifications. Limits shown 
are from PCI Recommended Practice (1993), which limits tension from transient load combinations to 6√f ć (f ć 
in psi) and does not permit any tension due to permanent and repetitive load combinations.

20.5.5.4.1
Stripping and Plant Handling

20.5.5.4 Handling and Transportation Stresses/20.5.5.4.1 Stripping and Plant Handling
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concrete strength at transfer). Unless piles have an unusually high effective prestress, 
concrete strengths at transfer of 3,500 psi will usually provide sufficient strength for 
handling even the longest piles, assuming an adequate number of pickup points are 
specified. Manufacturers may specify higher concrete strengths at transfer to reduce 
the number of pickup points and simplify handling. Where such a change is made, 
the manufacturer should submit calculations detailing the actual handling scheme, 
concrete strength and resulting pile stresses to the Engineer for approval.

Description

Stress Limit

LRFD Articleksi psi

Handling stresses:

Compute stresses using a 50% increase in pile weight 
for impact. (Note: f ć should be concrete strength at time 
of handling operations if prior to 28 days)

f ć & fpc f ć & fpc

Tension 0.158√f ć 5√f ć 5.9.4.1.2

Compression 0.60f ć 0.60f ć 5.9.4.1.1

Driving stresses: 
(Note: These are derived from given driving “loads”): 

10.7.1.16

Compression 0.85f ć – fpc 0.85f ć – fpc

Tension – Normal environments 0.095√f ć + fpc 3√f ć + fpc [See Note 2]

Tension – Severely corrosive environments fpc fpc

Service condition stresses (axial, axial + bending): 5.9.4.2.1

Compression – All loads 0.60f ć 0.60f ć

Compression – Dead + effective prestress 0.45f ć 0.45f ć

Compression – 1⁄2 dead + 1⁄2 effective prestress + live 0.40f ć 0.40f ć [See Note 3]

Service condition stresses (axial + bending): 5.9.4.2.2

Tension – Normal environments 0.190√f ć 6√f ć

Tension – Severely corrosive environments 0.095√f ć 3√f ć [See Note 4]

Service condition stresses (uniform axial tension) [Not addressed  
by LRFD –  
See Note 5]

Tension – Permanent and repetitive 0 0

Tension – Transient 0.190√f ć 6√f ć

Notes:

1) f ć and fpc are defined in Section 20.5.5.7.

2)  PCI Recommended Practice (1993) recommends 6√f ć (f ć in psi) for tensile driving stresses in normal environ-
ments.

3)  This stress limit is intended to ensure adequate fatigue behavior in prestressed concrete members. Where fatigue 
is not a concern, which is usually the case for piles, it is not necessary to check this requirement.

4)  For permanent and repetitive loads, PCI Recommended Practice (1993) does not permit any tension due to 
bending in corrosive environments.

5)  Uniform axial tensile stresses in piles are not specifically addressed in the LRFD Specifications. Limits shown are 
from PCI Recommended Practice (1993), which limits tension from transient load combinations to 6√f ć (f ć in 
psi) and does not permit any tension due to permanent and repetitive load combinations.

Table 20.5.5.3.2-1
Limiting Stresses at Service Limit State for Prestressed Concrete Piles – LRFD Specifications

20.5.5.4.1 Stripping and Plant Handling
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Piles are generally stripped using embedded lifting eyes consisting of unstressed 
seven-wire strands bent to shape in the plant (Fig. 20.5.5.4.1-1). The number of 
lifting eyes depends upon the length and size of the pile. Lifting eyes are spaced 
to provide the best utilization of the pile cross-section considering the maximum 
positive and negative moments (as shown in Table 20.5.5.4.1-1). In all cases, the 
maximum moment is equal to the cantilever moment at the lifting point nearest the 
end. Pile lengths for a given lifting scheme are limited so that the allowable stresses 
in Tables 20.5.5.3.1-1 and 20.5.5.3.2-1 are not exceeded for a given number of 
lifting locations.

Stresses in the pile are sensitive to the placement of the lifting loops. In some cases, 
shifting the lifting location by a foot may cause the stress in the pile at the critical 
location to exceed the allowable stress by 10%. Therefore, lifting loops should be 
placed as close as possible to the lifting positions indicated in Table 20.5.5.4.1-1.

When more than two pickup points are used, statical determinacy should be main-
tained by equalizing reactions at pickup points. To ensure equal reactions at pile 
pickup locations, spreader beams or rolling blocks should be used. Lifting loop 
locations become more critical when the pile length approaches the maximum for a 
particular lifting configuration and pile type.

When calculating stresses due to the weight of the pile during stripping and handling, 
it is required that a load factor of 1.5 (i.e., 50% impact factor) be applied to allow 
for stripping suction and friction in the forms and for handling impact. This factor 
is included in the equations shown in Table 20.5.5.4.1-1.

20.5.5.4.1 Stripping and Plant Handling

Figure 20.5.5.4.1-1
Lifting loop in  

14-in. square pile
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Table 20.5.5.4.1-1
Maximum Pile Lengths, Moments and Reactions for Lifting Points

Lift Points Equations include 1.5 factor on w

1

Lmax = f S

0.773w
 

M+
max = M–

max = 0.0644wL2

Rend = 0.439wL

Rlift = 1.061wL

2

Lmax = f S

0.386w

M+
max = M–

max = 0.0644wL2

R = 0.75wL

3*  
Equal 

Moments

Lmax = f S

0.189w

M–
max at Lift Pts = 0.01576wL2

M+
max = 0.00788wL2

Rint = 0.484wL

Rext = 0.532wL

3*  
Equal 

Reactions

Lmax = f S

0.210w

M–
max = 0.0175wL2

M+
max = 0.00693wL2

R = 0.500wL

4*

Lmax = f S

0.0965w

M+
max = M–

max = 0.00804wL2

R = 0.375wL

Notes: 
 L = total length of pile

 M = maximum moment values

 R = reaction at lifting loop location

 f = fa ± fpc = ft – fpc or fc + fpc   (smallest value)

  = governing allowable stress (see example in Section 20.5.5.5)

 S = section modulus of pile

 w = actual weight of pile

The 1.5 impact factor for handling and all conversion factors for units are included in the equations shown.

* Spreader beams or rolling blocks are required to equalize reactions at all lift points
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When evaluating piling foundation alternatives during the preliminary design of a 
bridge, the feasibility of delivering piles to the job site and installing them should be 
carefully evaluated. Piles that cannot be delivered and installed in a single piece, or 
at a reasonable cost for whatever reason, may not be economically viable when com-
pared to other available foundation alternatives. It is therefore important for designers 
to select the most appropriate type and size of pile based on manufacturing, trans-
portation and installation considerations in addition to load-carrying requirements. 
Local piling manufacturers should be consulted to obtain this information.

Transportation of prestressed concrete piles from the casting yard to the jobsite 
is typically accomplished via one of three modes: truck, rail or barge. Long piles 
transported over land can be supported by special trailers rigged to provide several 
supports at relatively close spacing. This is necessary in order to prevent deflection 
and cracking as trailers move over obstructions, ruts, holes, etc. in the roadway. At a 
minimum, precast piles should be loaded on trucks with supports located as close as 
possible to the lifting devices or lifting locations (Fig. 20.5.5.4.2-1). When doing so, 
the statical determinacy of the reactions should be ensured. One way of doing this 
involves the use of rocker supports (or bunks). Concrete stresses should be checked 
with consideration for impact, as stated previously. The AASHTO Specifications 
require a minimum impact percentage of 50%, but a larger value may be prudent 
under certain circumstances.

Piles transported over water can be supported on deck barges with dunnage points 
equally spaced to minimize bending moments in the pile during shipment. Similar 
provisions should be made for piles transported by rail.

 
This example demonstrates:

 • evaluation of handling stresses in a 24-in. square pile at transfer

 •  determination of maximum pile lengths for stripping 24-in. square prestressed 
concrete piling from the forms using 2, 3, and 4 lifting points

 • consideration for dunnage placement in the storage area prior to shipping

20.5.5.4.2
Transportation

20.5.5.5
Example Problem: Plant and 

Field Handling

20.5.5.4.2 Transportation/20.5.5.5 Example Problem: Plant and Field Handling

Figure 20.5.5.4.2-1
Special Rig for  

Transporting Prestressed 
Cylinder Piles by Land
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This example is worked using the AASHTO LRFD Specifications. A pile design using 
the Standard Specifications would be similar.

Given:

Properties for 24-in. square pile:

 L = 85 ft

 A = 576 in.2

 I = 27,648 in.4

 S = 2,304 in.3

 w = weight of pile

  = 0.600 klf

 w  ́ = weight of pile with 1.5 factor

  = 0.900 klf

 fpco = effective prestress in the concrete at time of transfer

  = 0.919 ksi

 fpc = effective prestress in the concrete after all losses

  = 0.832 ksi

(Note: See Design Example 2 in Section 20.9.2 for steps in determining effective 
prestress levels)

Concrete properties:

 f ć = 6.000 ksi

 f ći = 3.500 ksi

 
Allowable stresses before losses (at transfer):

 ftia = tensile stress limit for handling

  = – 0.158 √f ći = – 0.158 √3.50 = – 0.295 ksi [LRFD Table 5.9.4.1.2-1]

 fcia = compressive stress limit for handling

  = 0.6 f ći = 0.6(3.50) = 2.100 ksi [LRFD Art. 5.9.4.1.1]

Allowable stresses after losses (at installation):

 fta = tensile stress limit for shipping and field handling

  = – 0.158 √f ć = – 0.158 √6.00 = – 0.387 ksi [LRFD Table 5.9.4.2.2-1]

 fca = compressive stress limit for shipping and field handling

  = 0.6 f ć = 0.6(6.00) = 3.600 ksi [LRFD Table 5.9.4.2.1-1]

Compute stresses at stripping using 2-point lifting:

 From Table 20.5.5.4.1-1, the maximum moment is:

  M =  0.0321wL2 (Note: Use w instead of w  ́since M already includes 50% 
impact factor)

   = 0.0321(0.600)(85)2 = 139.2 ft-kips = 1,670 in.-kips

20.5.5.5.1
Check Stresses during 

Handling

20.5.5.5 Example Problem: Plant and Field Handling/20.5.5.5.1 Check Stresses during Handling
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  fc  = fpco + 
M

S
 = 0.919 + 

1,670

2,304
 = 0.919 + 0.725 = 1.644 ksi < fcia  

= 2.100 ksi OK

  ft = fpco – 
M

S
 = 0.919 – 0.725 = 0.194 ksi > ftia = – 0.295 ksi OK

  Piles will be lifted at 0.207L = 0.207(85) = 17.6 ft from each end. Lifting eyes 
are embedded in the piles at this location.

Consider stresses for later plant handling, for transportation, or for field handling 
using 2-point lifting:

 •  No check on compressive stresses is required since the effective prestress decreas-
es, the moments remain the same, and the limiting stress increases.

 •  For tension, the increase in limiting stress is partially offset by the decrease in 
effective prestress due to losses. This does not usually represent a critical case if 
enough lifting points are used to keep the concrete stresses low and if the final 
concrete strength is significantly greater than the transfer strength. However, 
for demonstration purposes we will check tension stresses due to handling just 
prior to installation:

  M = 1,670 in.-kips 

  ft  = fpc – 
M

S
 = 0.832 – 0.725 = 0.107 ksi > fta  

= – 0.387 ksi (Still compressive) OK

 
To simplify the determination of the possible lifting configurations for a given pile, 
maximum pile lengths for stripping or handling a 24-in. square prestressed concrete 
pile can be determined for lifts using 2, 3, and 4 points. If a pile length falls below 
the maximum length for the given conditions, it will satisfy the stress limits at trans-
fer and during subsequent handling. Computations must be based on the concrete 
strength and effective level of prestressing in the pile at the time of handling.

Determine governing allowable stress due to pile self-weight during form stripping:

 •  Because the pile is prestressed and the concrete is in compression, the precom-
pression must be overcome before the concrete can go into tension. Therefore 
the permissible tensile stress from the weight of the pile with impact, w ,́ is the 
sum of the allowable tensile stress and the effective prestress in the concrete:

  ftia + fpco = 0.295 + 0.919 = 1.214 ksi

 •  Because the pile is precompressed by the prestress, some of the allowable com-
pression has already been used. Therefore, the permissible compressive stress 
from the factored weight of the pile, w ,́ is equal to the allowable compressive 
stress reduced by the effective prestress in the concrete:

  fcia – fpco = 2.100 – 0.919 = 1.181 ksi     (Controls)

 •  The permissible compressive stress from the factored weight of the pile is 
smaller than the permissible tensile stress. Therefore, it governs. The maximum 
pile length for a lifting configuration will be the length of pile for which the 
maximum stress caused by the weight of the pile with impact is 1.181 ksi. For 

20.5.5.5.2
Maximum Pile Lengths  

at Stripping

20.5.5.5.1 Check Stresses during Handling/20.5.5.5.2 Maximum Pile Lengths at Stripping
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unusual conditions where the pile cross-section is unsymmetrical, separate com-
putations must be performed for the tension and compression faces.

Compute maximum pile lengths for different pickup configurations using  
Table 20.5.5.4.1-1. Note that the 1.5 impact factor for self-weight and all unit con-
versions are included in the equation coefficients from the figure.

Maximum pile length with 2-point pickup:

 L2 = f S

0.386w
 = 1.181(2,304)

0.386(0.600)
 = 108.4 ft

 The two pickup points are at 0.207L2 from each end = 22.4 ft.

Maximum pile length with 3-point pickup:

 L3 = f S

0.189w
 = 1.181(2,304)

0.189(0.600)
 = 154.9 ft

  The three pickup points are at 0.145L3 from each end = 22.4 ft, and at the 
center of the pile.

Maximum pile length with 4-point pickup:

 L4 = f S

0.0965w
 = 1.181(2,304)

0.0965(0.600)
 = 216.8 ft

  The four pickup points are at 0.104L4 from each end = 22.4 ft, and at 0.104L4 
each side of the center of the pile = 22.4 ft.

 
Although lifting piles at the points indicated in Table 20.5.5.4.1-1 will not overstress 
the pile, support (dunnage) locations for long-term storage should be more closely 
spaced. See additional discussion in Section 20.7.2.2.

 
The most severe stress conditions a pile will endure usually occur during driving.  
It is important to verify during the preliminary phase of design that the driving 
force necessary to develop the design capacity of a particular pile can be achieved 
without damaging the pile. The project geotechnical engineer should be consulted 
in this regard. In addition, governing specifications for the project may impose 
maximum driving stresses and loads for top-driven piles, as is the case with the STD  
Article 4.5.11 and LRFD Article 10.7.1.16.

Section 20.8 of this Manual provides an extensive discussion of important topics to 
consider during the installation of prestressed concrete piles. Included is a general 
discussion of the types of damage that can occur during driving and steps that should 
be taken to avoid such damage. Continuing developments in electronic equipment 
and software used to analyze driving stresses for given conditions make it easier to 
ensure that proper driving practices are followed.

 
The most common application of piles is to resist axial compressive loads. 
Compression piles are used to transfer dead and live loads from the structure through 
air, water, or an unsuitable medium to a firm bearing material below. Because of the 

20.5.5.5.3
Placement of Dunnage in 

Storage Area

20.5.5.6
Driving Stresses

20.5.5.7
Service Load Design Method: 

Axially-Loaded  
Compression Piles

20.5.5.5.2 Maximum Pile Lengths at Stripping/20.5.5.7 Service Load Design Method: Axially-Loaded Compression Piles
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historical use of allowable stresses in the design of piles, STD Article 4.5.7.3 speci-
fies an allowable axial service capacity for concentrically loaded, laterally supported 
prestressed concrete piles. The formula, which appears in many design codes, has 
remained unchanged for over thirty years and is given by:

Pa = Ag (0.33f ć – 0.27fpc)  (Eq. 20.5.5.7-1)

where

 Pa  = allowable service level axial load

 f ć  = 28-day compressive strength of concrete

 Ag  = gross cross-section area of pile

 fpc  = effective prestress in the pile after losses

This requirement is intended exclusively for cases in which the soil provides full 
lateral support to the pile and where the applied forces cause no more than minor 
bending moments, such as those resulting from accidental eccentricities. Piles sub-
jected to large bending moments or those with long unsupported lengths must be 
treated as columns and designed accordingly, as stated in STD Article 4.5.7.2 and 
LRFD Article 5.13.4.1.

Appendix B of this Manual provides tabulated values of Pa for piles with effective 
prestress levels of 700 psi and 1,200 psi and concrete strengths ranging from 5,000 
to 10,000 psi, computed using Eq. (20.5.5.7-1).

The effect of negative skin friction or “downdrag” must also be considered when 
evaluating the service load behavior of a pile (see Sect. 20.4.4.3).

 
Strength, or load factor, design is the standard method used to design reinforced 
concrete members. Prestressed concrete members are typically designed using service 
load methods, and then the strength of the member is compared to factored design 
loads as a final safety check because service load stresses generally govern the design 
of prestressed concrete components including prestressed piles.

The strength design method compares factored design loads to factored member 
capacities (strengths) at the strength limit state. The load factor for the principal effect 
under consideration is typically greater than 1.0, and the resistance factor (applied to 
the member’s capacity) is typically less than 1.0. This provides a conservative margin 
of safety against failure due to potential overloads on understrength members.

Load and resistance factors are provided in the AASHTO Specifications. The 
Specifications also provide guidance for calculating the resistance, or capacity, of a 
member. The combined effect of axial loads and moments are important for piles. 
For design of prestressed concrete piles using the AASHTO Specifications, general 
provisions for determining the strength of concrete compression members are used, 
although these provisions are incomplete where prestressing is involved. The effect of 
slenderness, which may amplify the applied moments, may sometimes be significant 
since piles tend to be long, slender members. Shear strength must also be considered, 
but it rarely governs the design of piles.

20.5.6
Strength Design Method

20.5.5.7 Service Load Design Method: Axially-Loaded Compression Piles/20.5.6 Strength Design Method
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Axial compression is generally the primary load component on prestressed concrete 
piles. However, piles may also be subjected to various levels and combinations of axial 
tension, bending and shear loads. They must therefore be designed to have adequate 
structural capacity for all modes and combinations of loading that may occur over 
the life of the bridge. For freestanding lengths of piles, piles subject to significant 
lateral loads or piles driven in soils that are incapable of providing adequate lateral 
support to prevent buckling, the piles must be designed as columns (i.e., compression 
members) considering the interaction between axial forces and bending moments as 
required in STD Article 4.5.7.2 and LRFD Article 5.13.4.1.

In general, the design of prestressed concrete piles, as with other types of compression 
members, must consider the effects of:

 • Axial loads

 • Prestressing

 • Load eccentricity

 • Degree of end fixity

 • Slenderness and lateral deflections (secondary effects)

 • Duration of loads

 • Nature of loads (e.g., gravity, vessel impact, wind, ice, seismic)

 • Variable moments of inertia

Some of these effects will be discussed in more detail in the following sections.

 
Although the Specifications provide guidance for determining reinforced con-
crete column capacities at critical loading combinations (e.g., pure axial compres-
sion, balanced strain condition, pure flexure), they do not give details concerning 
design for intermediate load cases. Furthermore, the Standard Specifications and the  
LRFD Specifications only address column behavior for reinforced concrete members, 
not prestressed members. The effect of precompression on the cross-section is not 
considered.

STD Article 8.16.4.1.1 states, “...the design of concrete members subject to axial load 
or combined flexure and axial load shall be based on stress and strain compatibility...” 
LRFD Article 5.7.2.1 includes a similar statement. The strain compatibility method 
is based on fundamentals of mechanics and properties of materials. It is often used to 
determine the strength of a section, but it can also be used to determine the behavior 
of a member for the full range of applied load. It is especially useful when axial and 
flexural effects are combined, which is often the case with prestressed concrete piles. 
It can be used to account for the contribution from strands in any configuration.

Strain compatibility utilizes a realistic representation of the stress-strain characteristics 
for the various materials (concrete, prestressing steel and mild steel reinforcement, if 
present) and requires equilibrium of internal and external actions (axial loads and 
moments) and compatibility of strains. The stress in the prestressing strands can be 
determined by using stress-strain curve relationships and computed strains at the 
various strand levels.

A more detailed discussion of the strain compatibility method and examples of its 
use can be found in textbooks on prestressed concrete design (Lin and Burns, 1981; 
Collins and Mitchell, 1991; Libby, 1990) and Section 8.2.2.6. Libby (1990) also 

20.5.6.1
Basic Concepts

20.5.6.2
Strain Compatibility

20.5.6.1 Basic Concepts/20.5.6.2 Strain Compatibility
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describes the basic procedure for developing interaction diagrams for circular, pre-
stressed concrete cross-sections.

 
The strength of a section under combined axial load and moment can be  
estimated using strain compatibility and equilibrium of forces, as illustrated in  
Figure 20.5.6.2.1-1. Static equilibrium of the section, which requires that the sum 
of the vertical forces must equal zero, results in the following equation:

Pn = Cc – T1 – T2 (Eq. 20.5.6.2.1-1)

where

 T1,T2 =  tensile force resultants for the prestressing strands on either side of the 
neutral axis

 Cc  = resultant compressive force in the concrete

Similarly, the sum of the bending moments must also equal zero, resulting in a second 
equation:

Mn = (T1 – T2) 
yt

2
 + Ccyc (Eq. 20.5.6.2.1-2)

where

 yt = the distance between tensile force resultants, T1 and T2

 yc = the distance from the neutral axis to the resultant compressive force, Cc

20.5.6.2.1
Basic Approach

20.5.6.2 Strain Compatibility/20.5.6.2.1 Basic Approach
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By assuming a location for the neutral axis at ultimate conditions, setting εc equal 
to the ultimate strain in the concrete, εcu (usually assumed to be 0.003), and using 
stress-strain curves for the concrete and steel, it is possible to calculate the combina-
tion of Pn and Mn that results in failure.

LRFD Article 5.7.2 lists limitations and assumptions concerning proportionality of 
strain, the maximum usable concrete strain at ultimate, tensile strength of concrete, 
and concrete stress-strain distributions for strength determination by strain compat-
ibility methods. LRFD Article 5.5.4.2 specifies appropriate resistance factors for 
design. For slender piles, the value of Mn should be reduced to reflect the effect of 
lateral deflection, as discussed in Section 20.5.6.6.

 
This example illustrates use of the strain compatibility method at the strength limit 
state for the square prestressed concrete pile shown in Figure 20.5.6.2.1-1. The 
example uses a section with prestressing steel only, but the methodology can eas-
ily be extended to prestressed piles that contain mild reinforcement in addition to 
prestressing steel. Resistance factors, or f-factors, have not been included but will be 
addressed in Section 20.5.6.7.

Compute the corresponding Pn and Mn values required to produce failure on a pre-
stressed pile given the following parameters:

 •  An 18 in. square (solid) pile with (12) 1⁄2-in.-dia low-relaxation strands at an 
effective prestress in the strands, fpe, of 170 ksi.

 •  The prestressing strands are represented by two forces which are located at the 
centroid of the strands in each half of the pile.

 • f ć = 6,000 psi

 •  Ep = 28,500 ksi (Note: This example problem assumes a linear distribution between 
stress and strain in the prestressing steel. A more exact relationship can be derived 
from Figure 2.11-1 or Eq. (8.2.2.5-1), but the results will not vary significantly 
for the level of strain being investigated.)

 • A neutral axis location of 11 in. from the compression face, or c = 11 in.

Assuming εc = εcu = 0.003, the changes in strain for the prestressing steel, calculated 
by proportion, are shown as Δεp1 = + 0.0007 for T1 and Δεp2 = – 0.0018 for T2. This 
gives stresses in the prestressing steel as follows:

fp1 = fpe + Δεp1Ep = 170 + 0.0007(28,500) = 190 ksi

fp2 = fpe + Δεp2Ep = 170 + 0.0018(28,500) = 119 ksi

where fpe is the effective prestress in the strand at the time under study.

The forces T1 and T2 are:

T1 = fp1Ap1 = 190(6)(0.153) = 174.4 kips

T2 = fp2Ap2 = 119(6)(0.153) = 109.2 kips

20.5.6.2.2
Example Problem:  

Strain Compatibility

20.5.6.2.1 Basic Approach/20.5.6.2.2 Example Problem: Strain Compatibility
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Assuming a parabolic stress block for concrete as shown in Figure 20.5.6.2.1-1, the 
resultant compressive force, Cc, is computed as:

Cc = αf ćbc = 0.64 
6,000

1,000
 (18)(11) = 760 kips

A rectangular stress block could also be used as discussed in Section 8.2.2.5.

The resultant compressive force, Cc, acts at yc from the centerline of pile:

yc = 
b

2
 βc = 

18

2
 – 4.12 = 4.88 in.

The resulting Pn , Mn and eccentricity, e, at failure are given as:

Pn = Cc – T1 – T2 = 760 – 174.4 – 109.2 = 476.4 kips

Mn = (T1 – T2)
yt

2
 + Ccyc = (174.4 – 109.2)4.67 + (760)4.88 = 4,013 in.-kips

e = 
Mn

Pn

 = 
4,013

476.4
 = 8.42 in.

These calculations indicate that a load of 476.4 kips with a total eccentricity, e, of 
8.42 in. (including the column deflection, if any) will produce failure of the column 
when the neutral axis location is assumed to be located at 11 in. from the compres-
sion face of the pile.

This example shows the relative simplicity of computing the ultimate loads, Pn and 
Mn, when the location of the neutral axis is known. Determining the neutral axis 
location given either Pn or Mn or both is an iterative computation. By placing the 
neutral axis at various locations (i.e., various distributions of strain), other combina-
tions of Pn and Mn can be obtained. The resulting curve of load combinations is the 
basis for interaction diagrams, which are discussed in Section 20.5.6.7.1.

 
For the limiting case of an axial load with no accompanying bending moment  
(e = 0), the factored resistance, fPno, of a prestressed pile cross-section with both mild 
and prestressed reinforcement is given by:

fPno = f[0.85f ć (Ag – As – Aps) + Asfy – Aps(fpe – Δfps)]  (Eq. 20.5.6.3-1)

where

 f ć = Concrete strength (ksi)

 Ag = Gross area of pile (in.2)

 As  = Area of mild steel reinforcement (in.2)

 Aps = Total area of prestressing steel (in.2)

 fy = Yield stress of mild steel reinforcement (ksi)

 Δfps =  Change in stress of prestressing strand (Assuming a concrete compressive 
strain at the strength limit state, εcu = 0.003, and a prestress modulus,  
Eps = 28,500 ksi, gives 0.003 (28,500) = 85 ksi, a relatively constant value 
for Δfps)

 fpe = Effective stress in prestressing strand at the time of study (ksi)

 f = Resistance factor according to Standard or LRFD Specifications

20.5.6.3
Axial Compression

20.5.6.2.2 Example Problem: Strain Compatibility/20.5.6.3 Axial Compression
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Both STD Article 8.16.4.1.2 and LRFD Article 5.7.4.4 limit the maximum compres-
sive strength of a column to 85% (spiral confinement) and 80% (tie confinement) of 
the strength given by Eq. (20.5.6.3-1). These factors are used to reduce the resistance 
of columns to allow for unintended eccentricity. However, the capacity of a pile is 
usually limited by the capacity of the soil, so this upper limit of structural compres-
sive strength rarely governs in piles.

It should be recognized that a prestressed concrete member in compression, such as a 
pile, has a lower axial load capacity than a reinforced concrete compression member 
of the same size and concrete strength. The prestressing force causes compressive 
stresses in the concrete which reduce the capacity of the pile to resist externally 
applied axial loads. The last term in Eq. (20.5.6.3-1), Aps (fpe – Δfps), represents the 
reduction in the strength of the column due to prestress. Under the action of an 
external compressive load, the column will shorten and the prestress in the steel will 
be decreased. If, at the strength limit state, the compressive strain in the concrete is 
assumed to be 0.003 across the entire cross-section (since no moment is present for 
this case), the strain in the prestressing steel will be reduced by the same amount. 
The remaining prestress at failure will therefore be significantly less than the original 
effective prestress. For example, if the original effective prestress in the strand is 170 
ksi, then the final stress at compressive failure will be:

fpe – Δfps = 170 ksi – 0.003(28500 ksi) = 84.5 ksi

In other words, for piles subjected to axial loads alone, approximately half of the 
effective prestress in the prestressing strands may have been lost when the pile reaches 
its capacity in pure axial compression. Therefore, the compressive capacity of a pile 
under only axial load is not reduced as significantly by the effect of prestressing. If 
a pile is subjected to flexure as well as axial load, the reduction in the compressive 
capacity will be greater, as shown in Section 20.5.6.2.2.

 
Occasionally, piles must be designed to resist uplift loads. The magnitude of the 
uplift, or tensile stress, should be analyzed in relation to the effective prestress in the 
pile and whether the loads are transient or sustained.

It is difficult to imagine any situation where axial tension alone, without concurrent 
bending, would present a concern for the structural capacity of a prestressed pile at 
ultimate. The amount of uplift permitted is generally limited by the weight of the 
pile itself and the uplift capacity of the soil-pile interface. The combination of these 
effects rarely approaches the axial compressive force in the pile due to prestressing 
(700 psi minimum effective prestress in piles after all losses – see Sect. 20.5.5.1), so 
the pile remains in compression. Of greater concern than the axial tensile strength of 
the pile is the pile-cap connection, where development of the pile reinforcement into 
the cap is extremely important. Section 20.5.8.1 summarizes the requirements for 
transferring factored axial tension loads across the pile-cap interface.

Piles subject to both axial tension and bending moments can be analyzed using 
strain compatibility methods, as discussed in Section 20.5.6.2, but with an applied 
axial tension force instead of compression. Whether the axial force is tensile or 
compressive, the procedure is identical, except that piles in tension are not subject 
to buckling. As noted previously, there are practical limits on the magnitude of the 
applied tensile force based on nonstructural considerations. If interaction diagrams 

20.5.6.4
Axial Tension

20.5.6.3 Axial Compression/20.5.6.4 Axial Tension
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are developed in accordance with Section 20.5.6.7.1, it is only necessary to analyze 
axial/moment combinations that fall within such tensile force limits.

 
While the axial compression capacity of a concrete pile is reduced by the effect of 
prestressing, the flexural resistance of a pile at both the service and strength limit 
states is significantly improved by prestressing.

The special case of pure flexure in piles is rare, but may occur in fender piles (neglect-
ing pile self-weight) or in an individual foundation pile where the uplift axial force 
from transient loads cancels out the axial compression from dead loads. The method 
for determining the pure flexural capacity of prestressed piles is similar to that for 
other prestressed concrete members and is governed by STD Article 9.17.2 and 
LRFD Article 5.7.3. The equations used are fundamental to the design of prestressed 
concrete flexural members and are not repeated here. They are derived directly from 
strain compatibility and equilibrium methods as discussed in Section 20.5.6.2.

The location of maximum moment in a pile is dependent on a number of factors, 
including the properties of the supporting soil, the properties of the pile and the 
degree of fixity between the pile head and the cap or footing. When a bridge footing 
with all plumb piles is subjected to large lateral loads, the connection between the 
piles and the footing must be designed to accommodate the transfer of lateral loads 
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between the two members. With a fixed moment connection between the pile head 
and the cap, the maximum moment in the pile usually occurs at the pile-cap interface 
(Fig. 20.5.6.5-1).

Because the depth of the footing limits the length of pile and prestressing strand 
that can be developed at the critical pile-cap interface, it is often necessary to extend 
prestressing strand or supplemental mild steel reinforcement from the pile head into 
the footing (see Sect. 20.6.2). It may also be necessary to roughen the pile head or 
provide a spiral around the protruding reinforcement or around the pile itself. The 
behavior and capacity of such moment-resistant connections can be predicted with 
a fair degree of accuracy, but such details have only been confirmed by a limited 
number of tests. Designers should consult with the bridge owner or local precasters 
to determine what details are acceptable in a particular project area.

 
Prestressed concrete piles are generally designed as compression members. The capac-
ity of prestressed piles may be limited by the tensile strength of the longitudinal 
steel or by the compressive strength of the concrete. For slender piles, or piles that 
extend through air, water or extremely soft soil (unsupported piles), lateral deflections 
caused by slenderness effects may significantly reduce the load capacity of the pile. 
Therefore, the pile must be designed with proper consideration of slenderness effects 
so that it will safely resist all potential loads without buckling.

The behavior of concrete members subjected to a combination of axial loads and flex-
ure is strongly affected by their slenderness. The provisions for dealing with slender-
ness are similar in the Standard Specifications and LRFD Specifications, as well as ACI 
318-02 (2002). These provisions are based on fundamentals of stability analysis, which 
are frequently not fully understood and are thus subject to misapplication. Because a 
discussion of these fundamentals is complex and beyond the scope of this chapter, the 
reader is referred to texts such as Winter and Nilson (1979), McGregor, et al (1970) 
and Timoshenko, et al (1969) for a more detailed discussion of the subject.

This section addresses slenderness effects and buckling as applied specifically to pre-
stressed concrete piles. Design Example 3 in Section 20.9.3 demonstrates the evalu-
ation of slenderness effects using the AASHTO Specifications.

 
The AASHTO Specifications do not explicitly address the structural design of 
prestressed concrete piles. They rely on general provisions developed for design of 
reinforced concrete compression members, and more specifically, for columns in 
buildings. It should be recognized that prestressed concrete piles represent a very 
specialized type of compression member – a slender, prestressed concrete foundation 
member.

The unsupported portion of a foundation pile is an extension of the supported por-
tion, which may be several times longer than the unsupported length. Thus, such 
a pile is deeply embedded into the ground and at some depth can be considered 
fixed against translation and rotation. Many static load tests have been performed 
on long slender piles that were driven through very soft material and then into firm 
soil. These tests show that even very soft soils provide lateral restraint and tend to 
prevent buckling. This is in contrast with a building column supported on a foot-
ing or an intermediate floor slab, which may permit a substantial degree of rotation. 
Furthermore, for many bridge structures with unsupported pile lengths, the pile head 
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is framed into a much heavier member than for a building structure. As a result, the 
degree of fixity at each end of a bridge pile may be substantially different than those 
at the ends of a building column.

Other differences between prestressed concrete piles and typical reinforced concrete 
columns include the effects of prestressing on cracking behavior under flexural loads, 
the degree of redundancy between piles in a footing and that in a column, and the 
determination of an effective column length for buckling considerations.

 
LRFD Articles 4.5.3.2.2 and 5.7.4.3 give direction concerning the evaluation of 
slenderness effects in concrete compression members. The value of the slenderness 
ratio, klu/r, determines whether a second-order analysis is required or whether an 
approximate method may be used.  The term, lu, represents the unsupported length 
of the compression member, r is the radius of gyration of the gross section and k is 
the effective length factor for compression members. When klu/r is less than 100, 
the LRFD Specifications permit the use of a moment magnification method involving 
a factored axial load, Pu, determined by an elastic analysis and a magnified factored 
moment, Mc, derived from first order elastic moments multiplied by a magnifier. 
The resulting combination is compared to the capacity of the column determined by 
strain compatibility.

Moment magnification procedures were originally developed for reinforced concrete 
columns but are presently used for prestressed concrete columns and piles as well. 
ACI 318-02 (2002) and Winter and Nilson (1979) provide additional information 
concerning the use of this approximate analysis method. In some instances, the mag-
nitude of movement implied by the moment magnification method cannot be physi-
cally attained in the structure. Under such conditions, LRFD Article C4.5.3.2.2a 
permits the magnification factors of affected elements to be reduced accordingly.

When the eccentricity of the applied axial load is small (i.e., moment is small), 
lateral pile deflections may be predicted by elastic theory, assuming uncracked sec-
tions. When flexure predominates, it is often necessary to estimate lateral deflections 
based on cracked sections. If a significant portion of the load on the column is sus-
tained, it is proper to consider long-term effects from creep and shrinkage. LRFD  
Article 5.7.4.3 provides a method for estimating the bending stiffness, EI, of the 
column, which takes into account cracking and time-dependent effects. Because the 
equations in LRFD Article 5.7.4.3 were developed for reinforced concrete columns, 
they may overestimate the amount of cracking in a prestressed pile. Even so, the 
results will generally be conservative and are considered acceptable for the design of 
prestressed concrete compression members.

The unsupported length of a pile, lu, for structural design purposes is equal to the 
length of pile above the ground surface, la, plus the distance between the top of 
ground and the calculated point of fixity, lPOF.

lu = la + lPOF  (Eq. 20.5.6.6.2-1)

Determination of the value la should include the effects of scour or liquefaction  
when appropriate. The depth lPOF can be estimated using LRFD Eqs. (10.7.4.2-1) 
and (10.7.4.2-2) for clays and sands, respectively. However, values obtained from 
these equations should be verified with the project geotechnical engineer for final 
design purposes.

20.5.6.6.2
Moment Magnification
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In situations where the approximate evaluation of slenderness effects (i.e., moment 
magnification) is permitted, both STD Article 8.16.5.2 and LRFD Article 4.5.3.2.2b 
utilize the “ACI method” of magnification, as detailed in ACI 318-02 (2002). This 
method involves a compromise between computational accuracy and ease of use 
and is generally conservative. By judicious selection of parameters, it can reasonably 
accommodate the effects of cracking in the member, long-term creep due to sustained 
loads, and the degree of end fixity/bracing in the member.

Another accepted method of moment magnification is the so-called “secant method” 
derived from the classical theory of elastic buckling. This method was used to pro-
duce the interaction diagrams presented in the PCI Recommended Practice (1993) 
report and is described in more detail in Anderson and Moustafa (1970).

 
When klu/r > 100, both the Standard Specifications and the LRFD Specifications 
require that a more detailed analysis be performed to take into account the influence 
of axial loads and variable moments of inertia on member stiffness and fixed-end 
moments, the effect of deflections on the moments and forces, and the effect of the 
duration of the loads. Such second order analyses involving material and cross-section 
nonlinearities are best accomplished by the use of specialized computer programs, 
such as that detailed in FB-Pier User Guide and Manual (2001).

One final comment must be made concerning the impact of prestressing on slender 
pile members. It is important to note the distinction between members that are 
solely compressed by prestress and those that carry an external compressive load. A 
statically-determinate prestressed member cannot be subjected to column action (i.e., 
lateral bending) due to its own concentric prestress, provided that the prestressing 
steel and concrete are in direct contact over the entire length of the member. Under 
such conditions, column action only results from an externally applied compres-
sive load. Consequently, the axial prestressing of slender columns, such as piles, has 
no detrimental effect on the superimposed axial load that will cause the column to 
buckle (Lin and Burns, 1981).

 
Piles subjected to large bending moments or those with unsupported lengths must 
be treated as columns and must be designed for the maximum moment that can 
accompany the applied axial load. Piles subjected to both an axial load and a bend-
ing moment may be categorized as either having full lateral support or limited lateral 
support, depending on the physical pile dimensions and restraint provided by the 
surrounding soil. For long, laterally unsupported piles, an incremental increase in 
bending is produced by the magnification of eccentricity due to lateral deflection of 
the pile, as described in the previous section.

The LRFD Specifications do not provide explicit direction concerning the design of 
concrete compression members (reinforced or prestressed) under combined axial 
loads and flexure. The specifications provide equations for computing the resistance 
of concrete members under pure axial load and pure flexure but provide little direc-
tion concerning intermediate load conditions. The Standard Specifications go one step 
further by defining the range of load-moment interaction relationships as to whether 
the resistance of the section is controlled by tension or compression. STD Article 
8.16.4.2.3 provides equations for determining the balanced axial load strength, fPb, 
and the balanced moment strength, fMb, representing balanced strain conditions 
where the steel reaches its yield strain when the concrete reaches its maximum strain. 
The strength of a cross-section is controlled by tension when the nominal axial load 
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strength, fPn, is less than the balanced load strength, fPb, and is controlled by com-
pression when fPn is greater than fPb.

The concept of a balanced point on the interaction diagram was developed for rein-
forced concrete members where the reinforcement is idealized as an elastic-plastic 
material. For these conditions, the balanced point represents the maximum moment 
on the interaction diagram. For prestressed members, the balanced point is not as 
well defined because the stress-strain curve for the reinforcement is not elastic-plastic, 
but has a pronounced transition between the initial elastic stiffness and the post-yield 
behavior. It has been found that the maximum moment point on the interaction 
diagram for prestressed concrete piles occurs prior to the outermost layer of strands 
reaching the yield stress. Therefore, the concept of tension or compressions controlled 
failure loses meaning for some cases in prestressed piles.

For laterally unsupported piles, deflections may have a significant effect on the load 
capacity of the pile. When the load eccentricity is small (i.e., compression failure), 
column deflections may be predicted by elastic methods, assuming uncracked sec-
tions. When flexure predominates (i.e. large load eccentricity), it may be necessary 
to estimate the deflections using cracked section properties. If a large percentage of 
the load is sustained, creep effects may further reduce the capacity of the section and 
should be considered in design.

The resistance of prestressed piles under combined axial loads and flexure is best 
determined using strain compatibility methods, as discussed in Section 20.5.6.2. 
Given an applied axial load and moment combination, it is possible to determine the 
stress and strain distributions across the pile section and the ability of the section to 
resist such loads. However, as was noted previously, the determination of the neutral 
axis location for a given axial load-moment combination is laborious and involves 
the solution of simultaneous equations or an iterative process. The problem is exac-
erbated as the number of different load combinations increases for a particular pile 
type and size. Thus, the capacity of a given pile cross-section and strand pattern can 
best be obtained by computing an interaction curve of fPn and fMn combinations 
for various assumed locations of the neutral axis.

 
Because piles at different locations in a structure may be subjected to a variety of 
load cases involving different combinations of axial forces and bending moments, it 
is typically impractical to perform a strain compatibility analysis for every pile on the 
project under each individual load case. Therefore, it is recommended that the struc-
tural adequacy of each prestressed concrete pile type be evaluated using moment-axial 
interaction diagrams, which graphically represent the relationship between the axial 
load and moment capacities of the member. A typical interaction diagram for a rein-
forced concrete member is shown in Figure 20.5.6.7.1-1. Interaction diagrams for 
prestressed concrete piles are similar to interaction diagrams for reinforced concrete 
columns.

The outside curve in Figure 20.5.6.7.1-1 gives the nominal column strength for 
a given combination of axial load, Pn, and moment, Mn. Points A and B represent 
the cases of pure axial compression and pure flexure in the member, respectively, 
as described in Sections 20.5.6.3 and 20.5.6.5. Point C represents the balanced 
condition, the point at which the assumed concrete strain at crushing, εcu = 0.003, 
occurs simultaneously with the strain in the tensile steel at the start of yielding,  
εs = εy = fy/Es. At axial loads greater than this value (smaller eccentricity, e), failure is 
achieved by crushing of the concrete before the reinforcement yields. At axial loads 
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below the balanced condition (larger eccentricity, e), failure occurs by yielding of the 
tensile steel. Point D illustrates a failure point on the interaction diagram taking into 
account moment magnification from lateral pile deflection.

The dashed interaction curve represents the column design strength reduced by the 
resistance factor, or f-factor. In the LRFD Specifications, f is 0.75 for axial compres-
sion; f is 0.70 in the Standard Specifications. However, for axial load capacities, Pn, 
less than 0.10f ćAg, f increases to 1.0, the value used for flexure in prestressed concrete 
elements in both of the AASHTO Specifications.

 
Examples of design aids based on interaction diagrams for prestressed concrete pile 
sections subject to axial loads and bending are presented in Figure 20.5.6.7.2-1. 
These interaction diagrams are essentially three-dimensional charts with the follow-
ing parameters: (1) axial load strength; (2) flexural strength; and (3) slenderness ratio, 
h /́r, where h  ́represents the effective length (height) of the pile and r is the radius of 
gyration about the axis of bending. These diagrams are for 18 in. solid square piles 
with the number of strands, concrete strength, and effective prestress as indicated. 
They are based on a circular arrangement of prestressing strands with a minimum 
concrete cover over the strands of 21⁄4 in. A strength reduction factor, f, of 0.7 (the 
value used for tied columns in the Standard Specifications) has already been included 
in the diagrams for axial loads greater than 10% of the pure axial strength of the pile. 
Below this level, f increases from 0.7 to 0.9 (the value used for flexure in earlier edi-
tions of the Standard Specifications) as the axial load decreases to zero and moves into 
the tension range.

Interaction diagrams can be produced for various prestressed pile cross-sections for a 
given level of effective prestressing and a given concrete strength. PCI has developed a 
set of interaction curves for a variety of common pile sizes with concrete strengths of 
5,000, 6,000, 7,000 and 8,000 psi and effective prestress levels of 700 and 1,200 psi 
(PCI Prestressed Concrete Piling Interaction Curves, 1993). The curves were developed 
assuming f-factors of 0.7 for axial and 0.9 for flexure, consistent with tied columns 
designed by the Standard Specifications in effect at that time (Note: the f-factor for 
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flexure has since been increased to 1.0.) Because of the reduced f-factors, the curves 
are slightly conservative, but acceptable, for the design of spiral-reinforced columns 
by the Standard Specifications and tied or spiral prestressed columns designed using 
the LRFD Specifications. The dashed horizontal lines in Figure 20.5.6.7.2-1 indicate 
the maximum allowable axial resistances specified by LRFD Eqs. (5.7.4.4-2) and 
(5.7.4.4-3) (0.85fPno for spirals and 0.80fPno for ties). The PCI design charts do not 
show these limits, but they should be checked whenever the load eccentricity is small. 
PCI Recommended Practice (1993) and Anderson and Moustafa (1970) demonstrate 
the development and use of the interaction curves for design purposes.

Since interaction diagram design aids shown in Figure 20.5.6.7.2-1 include curves 
that account for slenderness, these figures can be estimated with design moments 
without the need for computing the moment magnification.

20.5.6.7.2 Interaction Diagram Design Aids

0 50

0

100 150 200 250
-600

-400

-200

200

400

600

800

1000

1200

Effective prestress = 700 psi

50
25

75

200
175 150

125
100

Max φPn
(spiral)

Max φPn
(tied)

= 0r
h′

18" solid square pile
9 strands; f′c = 6 ksi

Bending Moment, φMn (ft-k)

A
xi

al
 L

oa
d,

 φ
P n

 (
ki

ps
)

Figure 20.5.6.7.2-1a
Pile Axial Load-Moment 

Interaction Design Curves 
for 18-in. Square Prestressed 

Concrete Pile (2.25-in. cover to 
strand; f = 0.70)  



Chapter 20

PRECAST PRESTRESSED CONCRETE PILES
PCI brIdge desIgn manual

sePt 04

When using design interaction curves, the selection of an effective height, h ,́ is a 
matter of judgment and experience. For foundation piles in stiff soils cut off at grade 
and connected to footings, the slenderness ratio h /́r is zero. For piles driven into 
soft soils or those that extend above grade, h  ́ is dependent on the end conditions, 
including the depth below grade to the assumed point of fixity and the condition at 
the pile head. The design of prestressed concrete piles acting as unsupported columns 
should include the effect of time-dependent (creep) deflections on the stability of 
long, slender pile members.

 
The methods discussed up to this point in Section 20.5.6 permit any shape of column 
cross-section to be designed or analyzed if bending is present about only one of the 
two principal axes. In the design of bridge foundations there are many situations in 
which axial compression is accompanied by simultaneous bending about both prin-
cipal axes of the pile. This does not present a problem for circular or octagonal pile 
sections, which are symmetrical (or nearly so) about any axis. For square columns, 
however, the resultant axis of bending may occur about an arbitrary axis somewhere 
between the principal axes.

20.5.6.8
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The situation with respect to strength of biaxially loaded prestressed concrete piles 
is shown schematically in Figure 20.5.6.8-1 (Winter and Nilson, 1979). If x and y 
denote the directions of the principal axes of the cross-section, then the curve labeled 
P–Mx represents a typical interaction curve for the column bent about the x-axis only. 
Similarly, P–My represents bending about the y-axis only. If the bending resultant 
is oriented at an angle α from the x-axis, another interaction curve is obtained, as 
shown. For various angles α, these curves generate an interaction surface of the shape 
shown.

A horizontal plane in Figure 20.5.6.8-1 represents a given value of the axial force  
Pn. If bending were only about the x- or y-axis, the pile could sustain the moments 
Mnx or Mny, respectively. For bending inclined at an angle α, the corresponding 
moment strength is Mnα, which has components of Mnxα and Mnyα in the two prin-
cipal directions.

In lieu of an analysis based on equilibrium and strain compatibility for biaxial flexure, 
the STD Article 8.16.4.3 and LRFD Article 5.7.4.5 permit noncircular members to 
be proportioned using the following approximate expressions:

 • If the factored axial load, Pu ≥ 0.10ff ćAg:

  
1

Prxy

 = 
1

Prx

 + 
1

Pry

 – 
1

fPo

 [LRFD Eq. 5.7.4.5-1]

 • If the factored axial load, Pu < 0.10ff ćAg:

  
Mux

Mrx

 + 
Muy

Mry

 ≤ 1.0 [LRFD Eq. 5.7.4.5-3]
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where

 f = resistance factor for members in axial compression

 Prxy = factored axial resistance in biaxial compression (kips)

  = fPnxy

 Prx =  factored axial resistance with uniaxial bending, Mux, about the x-axis 
only (kips)

  = fPnx ≤ qfPo

 Pry =  factored axial resistance with uniaxial bending, Muy, about the y-axis 
only (kips)

  = fPny ≤ qfPo

 q = factor limiting axial compression capacity

  = 0.85 for spiral confinement and 0.80 for tied confinement

 Po =  0.85f ć(Ag – As – Aps) + Asfy – Aps(fpe – Δfps)   (kips) 
(see Eq. (20.5.6.3-1) for definitions of terms)

 Mux = factored applied moment about the x-axis (in.-kips)

 Muy = factored applied moment about the y-axis (in.-kips)

 Mrx =  factored moment resistance based on uniaxial bending about the  
x-axis only (in.-kips)

  = fMnx

 Mry =  factored moment resistance based on uniaxial bending about the  
y-axis only (in.-kips)

  = fMny

When Pu ≥ 0.10ff ćAg, and given an assumed size of pile and number and arrange-
ment of prestressing strands, the maximum values of Prx and Pry corresponding to the 
applied moment components, Mux and Muy, can be obtained from the interaction 
curves discussed previously. (In most cases, the interaction curve for a prestressed pile 
bent about the x-axis will be identical to one bent about the y-axis due to symmetry.) 
After calculating Po, LRFD Eq. (5.7.4.5-1) can be evaluated and compared to Pu to 
verify the adequacy of the pile in biaxial bending.

When Pu < 0.10ff ćAg, it is a reasonably straightforward process to calculate the 
moment capacities, Mrx and Mry, about the principal axes and evaluate LRFD  
Eq. (5.7.4.5-3).

 
Piles subject to significant bending moments will usually be subject to significant 
shear forces as well. The provisions of LRFD Article 5.8 and STD Article 9.20 should 
be followed when checking the pile capacity in shear and designing shear reinforce-
ment. Special attention is required when piles are subject to significant tension loads 
in combination with large shear forces.

The shear design provisions for both the LRFD Specifications and the Standard 
Specifications were derived specifically for beam members but can also be used for 
compression members, such as piles. Their use in the latter instance, however, is 
cumbersome, particularly with the LRFD Specifications. Fortunately, shear in piles 
is often limited by other considerations, such as lateral deflections, lateral bearing 
capacity of the soil or flexural capacity of the pile. It is often possible to make simpli-

20.5.6.9
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fying assumptions in performing a conservative check on the pile shear capacity for 
the most critical pile location and load case on a project.

For prestressed piles in seismic regions, increased confinement requirements for duc-
tility will increase the shear capacity of the member. Nonetheless, design shear forces 
from seismic loads should be calculated conservatively because of the undesirable 
consequences of inelastic hinging in piles. LRFD Article 3.10.9 and Appendix B to 
LRFD Section 3 provide guidance concerning the calculation of design shear forces 
in seismic regions.

 
The LRFD Specifications stipulate minimum and maximum ratios of mild steel rein-
forcement and prestressing tendons for concrete compression members in Article 
5.7.4.2. The intent of fy in the denominator of LRFD Eq. (5.7.4.2-1) is not completely 
clear for prestressed piles without longitudinal mild steel reinforcement. However, it 
appears that it is an attempt to convert the prestressing steel area to an equivalent area of 
mild steel reinforcement. The Commentary for LRFD Article 5.7.4.2 refers to “current 
codes,” which specify a minimum average prestress of 0.225 ksi. This limit, which is 
found in Article 18.11 of ACI 318-02, is a general requirement for prestressed concrete 
compression members, but is not intended to apply to piles. LRFD Article 5.13.4.4.3, 
however, which specifically addresses prestressed concrete piles, requires a minimum 
uniform compressive stress of 0.700 ksi after losses on the pile cross-section, primarily 
for handling and installation considerations.

Extreme events, such as an earthquake or vessel impact, are unique occurrences whose 
return periods may be significantly greater than the design life of the bridge. Inelastic 
behavior and redistribution of force effects are permitted in superstructure and 
substructure components during these events, provided that sufficient redundancy 
and ductility exist to prevent catastrophic collapse of the structure. Redundancy is 
an inherent feature of multiple pile foundations. Ductility can be defined in various 
ways, but it is basically the capacity to undergo significant inelastic deformation 
with little change in the forces causing deformation before reaching failure. It can be 
ensured by providing adequate confinement reinforcement in the piles and by design-
ing the pile-to-cap connections to transfer the applied shears and moments.

Because of the difficulties associated with the detection and repair of foundation 
damage, it is desirable to design the piles to remain undamaged even during severe 
earthquakes or significant vessel impact events. Even so, uncertainties do exist with 
regard to soil-structure interaction and the resulting pile behavior during extreme 
event occurrences. It is therefore essential to detail piles and pile-to-cap connections 
to ensure a reasonable degree of ductile behavior.

 
In areas of seismic risk, prestressed piles must be designed for ductility in addition 
to strength. Curvature or rotational ductility is an important factor in determining 
seismic response. When the ground undergoes cyclic movements, embedded piles 
undergo moment reversal and are bent into curvatures of varying degrees. The mag-
nitude of these curvatures may be particularly large at connections to the pile cap or 
at interfaces between soil layers with significantly varying stiffnesses.
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Plastic hinging is a useful tool for resisting seismic loads in a structure. However, it 
is generally undesirable to permit hinging of foundation elements such as piles. The 
exception involves pile bents, where damage from hinging is more likely to be both 
visible (above ground level) and repairable. LRFD Article 3.10.9 provides direction 
concerning the calculation of pile foundation and pile bent design forces from an 
earthquake event. NCHRP Report 461 (2001) and NCHRP Report 472 (2002) 
provide additional information concerning LRFD design of bridge structures for 
seismic loads.

Whether hinging is desirable or undesirable, it is imperative that prestressed concrete 
piles subject to earthquake loading be designed with adequate confinement reinforce-
ment to ensure ductility. Bridge designers must also ensure that connections between 
the pile and cap or footing are able to transfer the large lateral loads and moments 
that result from a seismic event. Section 20.5.4.2 details design requirements for con-
finement reinforcement, and Section 20.6.2 discusses pile-to-cap connection details 
for prestressed concrete piles.

 
The design of bridge structures subject to vessel collisions is a complex process, the 
treatment of which is beyond the scope of this chapter. The determination of loads 
and general design guidelines can be found in LRFD Article 3.14 or in the AASHTO 
Guide Specification and Commentary for Vessel Collision Design of Highway Bridges 
(1991). However, neither of these specifications provides much guidance concerning 
detailed design procedures.

Because vessel collisions with bridge structures can induce large displacements and 
large lateral forces at the foundation level, the piles must be designed to accommodate 
both. As with seismic design, ductility of both the pile and the pile-to-cap connec-
tion are desirable features for foundations subject to vessel impact forces. Design of 
suitable pile foundations must also consider the probabilities of scour and live load 
acting concurrently with the ship impact event. If analysis indicates that piles will be 
loaded in tension, the designer must determine that the piles will have an adequate 
connection to the cap and pullout resistance from the soil.

Depending on the governing design specifications, either strength or service load 
design methods may be used to determine the resistance of piles that cannot be visu-
ally inspected and repaired in a relatively straightforward manner. If strength methods 
are used, the capacity of an axially loaded pile should be limited to the strength of 
the pile as a structural element or the strength of the foundation material, whichever 
is less. Lateral soil response should be based on soil analysis methods provided by or 
approved by the project geotechnical engineer. Consideration must also be given to 
the magnitude of foundation settlement that the bridge can withstand.

Transient foundation uplift or rocking involving separation from the subsoil of an 
end bearing foundation pile group may be permitted under vessel impact loading 
provided that sufficient consideration is given to the structural stability of the sub-
structure.

20.5.7.3
Vessel Impact
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Many projects require tension piles to resist overturning. The geotechnical engineer 
must provide the designer with the tensile capacity of the pile, based on soil condi-
tions.

In some cases, skin friction on a steel pile tip may be required to develop the tensile 
capacity (Fig. 20.3.4-1). Figure 20.8.4.4-2 shows details of “Type 2” and “Type 3” 
tips consisting of a section of steel H-pile or W-section protruding from the tip of 
the prestressed concrete pile. In some instances a section of steel pipe can be used 
instead.

In addition to the tensile capacity of the pile and the ability of the pile to transfer 
axial tension to the surrounding soil, the pile-to-cap connection must be detailed 
to develop the entire (factored) tensile force at that level (Nigels, 1998). The pre-
stressing strands or supplemental reinforcing steel must be designed to perform this 
function. LRFD Article 5.13.4.1 requires that such reinforcement be detailed resist a 
force equal to 125% of its yield capacity. See Section 20.6.2 for a discussion of details 
for this type of connection.

In addition to the connection details discussed in Section 20.6.2, the following 
should be considered:

Additional length should be provided in forming the holes to account for variable 
soil conditions that may necessitate cutting off a portion of the pile. While the use 
of preformed dowel holes facilitates placement of the dowels, the detailing of exces-
sively long dowel holes requires the contractor to fill the holes with a large quantity 
of grout. Therefore, the extra length of hole should be reasonable to minimize the 
amount of grout required.

Dowels at the head of the pile: The number and size of dowels is determined 
according to the uplift design load on the pile. Dowels should be terminated at 
staggered locations in the pile, with a 1 ft minimum stagger.

Embedment length of dowels or prestressing strands: Dowels and/or prestressing 
strands must be developed in both the cap and the pile a distance required to 
resist the applied tension load. The area and embedment length of the dowels 
does not necessarily need to be designed for the full capacity of the prestressing 
strands, but rather to a level sufficient to safely transfer the tensile force deter-
mined by analysis.

Pile capacity in tension: The tensile strength of the pile, at a point beyond the 
strand development length, will depend upon the number of strands, the cross-
sectional area of the strands, and the strength of the strands.

Stress in pile: The allowable unfactored tensile load on a pile can be calculated 
using the effective prestress in the pile by taking the allowable applied tensile 
stress as equal to the effective prestress, making the final stress in the pile equal 
to zero. In piles subject to pure axial tension, the level of prestress should be high 
enough to ensure that concrete tensile stress does not occur under permanent or 
repetitive loads.

20.5.8
Special Design 
Considerations
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Precast, prestressed concrete cylinder piles have been used extensively in marine 
environments since the early 1950s. Though sizes vary between manufacturers, they 
generally range between 36 in. and 66 in. in diameter. Because of their relatively 
large diameters and stiffnesses, they provide exceptional axial and lateral resistance. 
However, their large cross-sectional area and weight also mean that large equipment 
is required to handle and drive long piles of this type.

Prestressed concrete cylinder piles are seeing increased use today in applications where 
large foundation capacities are essential and where the larger transport, handling and 
driving requirements of the piles can be accommodated. Even so, their frequency 
of use in bridge foundations is not uniform across the country. In some regions of 
the country, they are used on a relatively frequent basis. In other areas, owners are 
reluctant to use cylinder piles because of limited experience, lack of cost information, 
concerns with transportation and handling, or a lack of local sources for the product. 
As a result, some states prohibit their use or require the inclusion of an alternate 
foundation type whenever cylinder piles are shown in the plans.

Cylinder piles are manufactured by one of three methods:

 1)  By spin-casting in short lengths (generally 12 ft to 16 ft) that are later joined 
together and post-tensioned to produce the full pile length

 2)  By slip-forming them full length using a moving mandrel to form the center 
void

 3)  By conventional casting methods using multi-piece exterior forms and a col-
lapsible mandrel to form the center void.

Both LRFD Article 5.13.4.4.1 and STD Article 4.5.20.4 require a minimum wall 
thickness for cylinder piles of 5 in.

 
The process for producing cylinder piles by spin-casting was pioneered by the 
Raymond Concrete Pile Company. This type of pile is still referred to as a “Raymond 
pile” in some parts of the country.

Cylinder piles of this type are fabricated in segments that are much shorter than the 
final pile length. The great majority of segments are the same length, typically 12 ft 
to 16 ft long. Shorter, variable length segments are also produced to allow the finished 
pile to be assembled to the required driving length.

Spun-cast cylinder piles are manufactured by introducing a low slump concrete into 
a spinning steel cylinder of the desired segment length. The concrete is distributed 
along the length of the cylinder and compacted against the form by centrifugal force. 
Concrete is added until the pile achieves the required wall thickness. It is then con-
solidated at a high rate of rotation, then vibrated and roller compacted. Cylinder pile 
segments fabricated in this manner exhibit high density and low permeability. During 
casting, longitudinal holes, or ducts, are spaced evenly around the circumference 
of the spun-cast pile segments to accommodate varying degrees of post-tensioning 
depending on the design requirements. After casting, the segments are placed into 
special curing chambers. Once cured, the segments are stored vertically in the yard 
for additional curing (Fig. 20.5.8.2.1-1).

When they have achieved the required strength, the segments needed to make up the 
final pile length are assembled end-to-end in a horizontal position. To ensure uni-

20.5.8.2
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form bearing and eliminate excessive local contact stresses between segments, the end 
surfaces of each segment must be flat and normal to the longitudinal axis of the pile. 
The holes for prestressing tendons are carefully aligned, and the strands are installed. 
The mating surfaces between piles are spread with a high-strength epoxy, and the 
prestressing tendons are stressed. Where adequate flatness between mating surfaces 
cannot be achieved during casting (e.g., with unusually thick-walled sections), it may 
be preferable to stress the tendons in two stages. In the first stage the tendons are 
partially stressed to between 20% and 33% of the final jacking load. This seats the 
segments and ensures that all the irregularities between the piles are filled in.

After the epoxy hardens, the full jacking load is applied and the tendons are anchored 
and grouted. Once the tendon grout reaches the required strength, the temporary 
anchorages are removed. Therefore, in the final condition, the prestressing force is 
transferred from the strand into the concrete by bond.

 
The fabrication of cylinder piles cast full length using the second or third methods 
described in Section 20.5.8.2 is generally simpler than the fabrication of spun-cast 
piles. The other two methods utilize pretensioning instead of the post-tensioning 
method described for spun-cast piles. The use of pretensioning eliminates any poten-
tial concerns with epoxy joining, post-tensioning or grouting, although problems 
associated with these concerns have not been observed. Using the process of join-
ing spun-cast pile segments, extremely long pile lengths can be readily achieved.  
Furthermore, casting of pile segments can commence prior to determination of 
required production pile lengths. Where a large number of piles are involved, the pro-
cess can be carried out quite efficiently. Under favorable access and soil conditions, 
segmented spun-cast cylinder piles have been driven in lengths exceeding 200 ft.

 
Foundation design using prestressed cylinder piles is similar to design using other 
types of precast, prestressed concrete piles with the exception of the following addi-
tional considerations:

1)  The top of large cylinder piles must be given special attention depending on 
the driving conditions to be encountered. Hard driving can cause large burst-
ing forces at the driving end. Empirically it has been found that providing 
about 1% spiral reinforcement in the top 12 in. of the pile has been successful 
in preventing splitting of the cylinder pile head for diameters up to 54 in. (PCI 
Recommended Practice, 1993) However, because the selection of appropriate 
spiral reinforcement for cylinder piles is largely empirical and highly depen-
dent on driving conditions, the ability to drive cylinder piles without cracking 
should be confirmed prior to pile production by conducting a pile driving test 
using the planned driving equipment. This is especially important for large 
piling projects where pile cracking must be avoided.

20.5.8.2.2
Comparison of Cylinder  

Pile Types

20.5.8.2.3
Design of Cylinder Piles
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2)  Both the AASHTO Standard Specifications and LRFD Specifications require a 
minimum wall thickness of 5 in., which provides a clear cover of approximately 
1.5 in. Many states, however, require a larger minimum thickness (up to 8 in.) 
to achieve specific cover requirements on both the inner and outer surfaces of 
the pile. Other design requirements, or the use of post-tensioned, segmented 
piles, may also necessitate a wall thickness greater than the minimum required 
by the AASHTO Specifications. Therefore, both the owner’s specifications and 
local piling producers should be consulted concerning required and available 
wall thicknesses for cylinder piles.

3)  Connections between the pile and the pile cap require special details, particu-
larly if moment is to be transferred across the interface, which is normally the 
case with high-capacity cylinder piles. It is generally necessary to provide addi-
tional longitudinal reinforcement and a spiral inside the pile void to develop 
the pile into the cap. The supplemental mild steel reinforcement extends into 
the pile a length sufficient to develop the capacity of the prestressing strand 
and/or primary mild steel reinforcement and into the cap a distance sufficient 
to develop the longitudinal mild steel reinforcement. A plug is cast into the 
pile to a depth below the bottom of the supplemental mild steel reinforcement. 
It is necessary to either insert a plywood form into the pile or to fill the pile 
void with sand prior to casting the plug. Other details may also be available 
to develop moment connectivity at the pile-cap interface. Issa (1999) pro-
vides information on a connection detail tested by the Florida Department of 
Transportation. Local precasters may also be a source for connection details.

4)  Research is still needed to more fully assess the behavior of cylinder piles sub-
ject to seismic loads and to develop applicable design equations. The equations 
presented in Section 20.5.4.2 for transverse confinement reinforcement were 
developed specifically for solid pile sections. Extrapolation of their use to hol-
low pile sections should not be done without a thorough investigation of the 
design methodology and its applicability to hollow piles.

 
There are special issues pertinent to the installation of prestressed concrete cylinder 
piles that must be considered. These are covered elsewhere in this Manual.

1)  Section 20.8.8.1.6 recommends measures to prevent bursting of hollow piles 
during driving.

2)  Splicing of cylinder piles can be accomplished using methods similar to those 
detailed in Section 20.8.6.1. Alternatively, it may be possible to make the 
connection between adjacent segments using an internal cage and a cast-in-
place plug, as is the case with other types of voided piles. Local precasters and 
contractors should be contacted concerning splice details commonly used in a 
particular geographical region.

 
Traditional bridge design utilizes expansion joints in conjunction with neoprene or 
sliding bearings to accommodate creep, shrinkage and temperature movements in 
bridge superstructures. However, these two components, expansion joints and bear-
ings, are often plagued by the intrusion of water, dirt and debris, which hamper their 
performance and often lead to maintenance problems. Jointless, or integral abutment 
bridges provide an attractive alternative to traditional bridges. In recent years, a grow-
ing number of states are adopting policies to encourage their use.

Integral bridge structures are designed and constructed to work integrally with the 
abutments, as shown schematically in Figure 20.5.8.3-1. Movements caused by 
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time-dependent effects and variations in temperature are accommodated by using 
flexible piles at the abutments and by incorporating relief joints at the ends of 
approach slabs.

The design of integral abutment bridges is similar to the design of traditional bridges, 
but special analysis and construction details are necessary to accommodate longitu-
dinal movements in the structure. Analysis involves consideration of pile-soil interac-
tion at the abutment piles, and often requires the determination of an effective depth 
of fixity for the buried pile. To improve flexibility, concrete piles are often driven 
through oversized, pre-bored holes. The annular space is filled with granular material 
after installation of the pile. Another method of reducing the resistance of integral 
abutments to passive pressure from longitudinal expansion includes the placement of 
non-compacted granular backfill behind the abutments.

Prestressed concrete piles have been used successfully in integral abutment bridges in 
a number of states. Detailed information on the design of prestressed piles for inte-
gral abutments is outside the scope of this chapter, but the PCI “State of the Art of 
Precast/Prestressed Integral Bridges” (2001) is an excellent resource for information 
on analysis, design and detailing methods. Burdette, et al (2001) and Oesterle, et 
al (1994) provide additional material for general consideration. Benak, et al (1996) 
has investigated the use of prestressed concrete piles for integral bridges and presents 
recommendations for their use, limitations and proposed details.

20.5.8.3 Piles for Integral Abutments
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When the lateral capacity of the soil surrounding a group of piles is inadequate to 
resist the horizontal forces transmitted from the foundation or when increased sub-
structure rigidity is desired, it may be necessary to batter piles. The degree of batter 
required will depend on the type of pile being used and the magnitude of the lateral 
loads to be resisted. Pile batters are generally expressed as the amount of horizontal 
offset, in inches, over a 12-in. vertical length. Installation by driving is feasible for 
batters as large as one horizontal to two vertical (6:12), but a more practical limit 
with conventional equipment is 4:12. For large pile sizes, such as cylinder piles, batter 
is typically limited to 2:12. Because sharply battered piles have less vertical capacity, 
their use may require additional piles in a footing. Economy usually favors smaller 
inclinations, even if more piles have to be battered (see Sect. 20.8.2.5.6).

For bridge pier foundations, piles are generally battered in opposite directions to 
resist forces in either direction. For bridge end bents or pile-supported endwalls or 
abutments, however, piles are usually battered in a single direction to laterally resist 
active earth pressures.

During design, the decision to use batter piles at a particular pier or end bent location 
depends on an assessment of field conditions and their effect on constructibility and 
cost. Section 20.8.2.5.6 discusses issues affecting the installation of batter piles.

Batter piles should not be used where significant downdrag loads are expected, since 
settlement will induce bending moments in non-vertical piles. Batter piles are also not 
recommended in Seismic Zones 3 and 4 (LRFD Specifications) because they tend to 
restrain lateral displacements at the foundation level, thereby increasing forces in the 
substructure. If batter piles are used in areas of high seismicity, a site-specific analysis 
should be performed to assure adequate performance of the foundation. The design 
should consider the intense reaction forces, both vertically and laterally, which batter 
piles can impose on pile caps and footings during an earthquake (Margason, 1977).

 
When batter piles are used in combination with vertical piles, consideration must 
be given to the distribution of load, both vertical and lateral, carried by each of the 
respective piling members. In the past it was common practice to assume that the 
vertical component of load carried by a batter pile is the same as it would be if the pile 
were plumb. With regard to the horizontal component, however, the batter piles resist 
the majority of the load. Design of a pile foundation should reflect this behavior. Early 
methods of pile group analysis on foundations involving both vertical and batter piles 
were primarily graphical. They assumed that all piles were axially loaded only, thus 
precluding the development of bending moments in the piles. As a result, it naturally 
followed that the lateral loads had to be carried exclusively by the batter piles.

Modern methods of pile group analysis using computers and the results of lateral load 
tests have verified that all pile members in a group carry lateral load to some degree 
and all are subject to bending moments. However, it is still recommended that the 
inclination and position of batter piles in a group be selected so that the resultant of the 
horizontal and vertical components is primarily axial, thereby minimizing the bending 
moments in the pile. For applications such as tall freestanding bents, bending stresses 
due to the weight of the pile should be considered in the design of batter piles.

Although graphical solutions, such as those presented in Tomlinson (1987) and Peck, 
et al (1974), are still useful and relevant for simple pile configurations involving bat-
ter piles, a more detailed structural analysis is recommended for larger and more com-
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plex pile arrangements. Analysis methods (e.g., Hrennikoff, 1950; Saul, 1968; Reese, 
et al, 1984; O’Neill, et al, 1977; O’Neill and Tsai, 1984) and computer programs 
(e.g., FB-Pier, 2001) that give reliable results are currently available. Many of these 
allow the influence of group effects and pile-soil interaction to be considered, which 
generally results in more accurate loads and reduced capacities for the individual 
piles. Some methods and programs also consider the interaction between piles, pile 
caps, bridge structure elements and soils to varying degrees.

 
The use of graphical methods for designing bridge foundations with batter piles is 
still relevant for simple footing configurations, such as a footing supporting a center 
pier in a two-span overpass structure or a bridge abutment.

In the design of a batter pile foundation, two primary criteria must be satisfied:

1) The axial load in any pile must not exceed the allowable load per pile

2)  The sum of the horizontal force components in the batter piles, ΣH, must 
equal the applied horizontal force

For batter piles, the relationship between the axial load and the horizontal compo-
nent depends on the degree of batter (Fig. 20.5.8.4.2-1). This may not be known 
initially. Therefore, the process of design may require an iterative process. The fol-
lowing approach, which is illustrated in Figure 20.5.8.4.2-2, demonstrates the pro-
cedure for graphical design of a batter pile foundation (Peck, et al, 1974):

1)  Assume a preliminary layout of plumb and batter piles for the foundation  
(Fig. 20.5.8.4.2-2a).

2) Compute the vertical forces VA, VB and VC in each pile using:

Vi = 
V

n
 ± 

Mxi

Σxi
2

n

  (Eq. 20.5.8.4.2-1)

where

 Vi =  individual pile axial reaction 
resulting from moment, M, and 
axial load, V

 V =  summation of vertical loads act-
ing on footing

 M =  summation of moments about 
the center of gravity of the pile 
group

 n = number of piles in the group

 xi =  distance from individual pile i 
to center of gravity of pile group

 Σxi
2=  summation of the squares of 

the distances between each indi-
vidual pile, i, and the center of 
the pile group

3)  Compare the vertical forces in all piles with the allowable pile load. The maxi-
mum vertical force in batter piles should be limited to approximately 92% of 
the allowable pile load to account for the effect of the batter. If the allowable 
pile load is exceeded in any of the piles, it will be necessary to change the pile 
configuration and/or add piles.

20.5.8.4.2
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of Batter Piles
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4)  Construct a force polygon similar to that shown in Figure 20.5.8.4.2-2b. 
For simple pile configurations designed using graphical methods, it is often 
assumed that the batter piles in compression resist all the lateral load, H (i.e., 
Hi for plumb piles and batter piles in tension = 0). According to the force 
polygon, in order for the piles in Row A to resist the entire horizontal force, 
they must have the inclination given by line FG. Thus, the required batter is:

m = 12
ΣH

ΣV´
 (Eq. 20.5.8.4.2-2)

where

 m = batter of piles expressed in inches (horizontal) per foot (vertical)

 ΣH = sum of horizontal loads acting on footing

 ΣV =́ sum of vertical forces in batter piles only

  = 3VA for pile arrangement shown in Figure 20.5.8.4.2-2a.

5)  Verify that the required batter is reasonable. If it is not, a new layout is required 
or more than one row of batter piles must be used.

6)  Verify that the axial load in the batter piles, calculated as PA = V2
A + H2

A  , is 
less than the allowable pile load. If it is not, a new layout is required.

In situations where it is assumed that the plumb piles take a portion of the horizontal 
load due to the strength of the soil and the flexural stiffness of the piles, the force 
polygon would look like that shown in Figure 20.5.8.4.2-2c (Peck, et al, 1974). 
HA and HB are the assumed horizontal components carried by the plumb piles. 
The remainder of the design process is similar to that shown in Steps 1 through 6 
described previously.

20.5.8.4.2 Graphical Procedure for Design of Batter Piles
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Prestressed concrete sheet piles are typically used on bridge projects to retain earth 
in front of abutments or alongside approach embankments. They are generally not 
loaded in the vertical direction, unless they support a nominal vertical load, such as 
a traffic barrier. In instances where sheet piles are used to support gravity loads of 
any appreciable magnitude, they must be tied back or braced at sufficient intervals 
to ensure that bending stresses do not limit the axial load carrying capacity of the 
member.

Cross-sections for prestressed sheet piles are normally rectangular and feature a tongue 
and groove interlock between adjacent panels to facilitate installation and ensure 
that the panels act together in resisting lateral loads as shown in Figure 20.5.8.5-1 
(Phillips and Sheppard, 1988). In some instances a groove and groove configuration 
is used. The void formed by the grooves is grouted after the panels are installed. In 
cases where the joints between panels are grouted, expansion joints may be required 
between panel sections at regular intervals.

Solid rectangular sheet pile units are manufactured in wall thicknesses up to approxi-
mately 12 in. They are normally handled by lifting at a single pickup point at the top 
of the pile using cast-in strand lift loops or manufactured inserts. They can also be 
picked up using a two-point system similar to that used for prestressed bearing piles 
and described in Section 20.5.5.4.

20.5.8.5
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Prestressed concrete sheet piles displace a volume of soil during driving which tends 
to increase the driving resistance. They can be installed by jetting, driving with an 
impact hammer, or driving with a vibratory hammer, depending on the soil condi-
tions, the pile properties and the other considerations specific to the site. The starter 
pile is normally tapered symmetrically on both sides of the driving tip to facilitate 
installation and ensure proper positioning. The driving edges on subsequent piles are 
usually cast with a bevel on one side only, as shown in Figure 20.5.8.5-1. This tends 
to wedge the pile being driven against the previously driven pile. The degree of bevel 
depends on the soil properties and the method of installation. For units being jetted 
in sand, a full 45° bevel is often used. For units driven in silt or clay, only a slight 
corner bevel is required to force the bottom edge of the pile into the previously driven 
pile. If driving occurs in either extremely hard soils or extremely soft mud, too great 
a bevel could cause excessive shear friction at the tongue and groove interface and 
impede driving (Phillips and Sheppard, 1988).

Sheet piling installation in water usually requires a temporary timber or steel wale 
alignment system. The wales are supported on one end by the section of wall already 
driven and on the other end by a temporary steel or concrete pile installed on line, 
in advance of the remaining piles to be driven. The wales are connected to the sheet 
piles either by using clamps or by using steel bolts that run through temporary holes 
in the tops of the sheet pile units. The temporary holes may also be used for pile lift-
ing and handling operations or to support formwork for casting the top wall coping 
once all the piles have been driven.

Once the wall installation is complete, a cast-in-place coping is usually formed to 
hide minor variations in pile alignment and to tie the wall together. It also serves as a 
distribution beam to carry tie-back loads due to active earth pressure on the wall.

 
A thorough knowledge of soil conditions at the site is essential in the design of 
prestressed concrete sheet pile walls. A qualified geotechnical professional should be 
involved in determining soil properties, active and passive soil pressures, and recom-
mended methods of installation (i.e., jetting, vibrating, driving). Prestressed concrete 
sheet piles are normally designed for stress at the service limit state, but because of 
their mass, both handling and driving stresses must also be considered in design. If 
the piles are to be driven, a recommended minimum prestress level after all losses of 
700 psi to 1,000 psi should be used, depending on the properties of the pile and the 
anticipated driving conditions. Spiral or closed loop ties should be used for lateral 
reinforcement throughout, and with a reduced spacing at either end to resist driving 
stresses. If the piles are to be installed by jetting or vibration, then the minimum 
prestress required will be that necessary to resist handling stresses and service state 
bending stresses.

The PCI Design Handbook (2004) provides preliminary design charts to aid designers 
in selecting a preliminary sheet pile thickness based on a known service load moment. 
Detailed sheet pile design proceeds in a manner similar to that for conventional 
prestressed concrete bearing piles in resisting handling stresses (with a 50% impact 
factor), installation loads, and working stress and strength design requirements for 
bending and axial forces. Interaction diagrams for axial load and bending moment 
interaction are developed similar to those used for concrete bearing piles or columns, 
as described in Section 20.5.6.7.

20.5.8.5.1
Installation

20.5.8.5.2
Design

20.5.8.5.1 Installation/20.5.8.5.2 Design
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Connection details between the head of a pile and the pile cap depend on whether 
the pile will be subjected to axial compression loads only, to axial tension loads or 
to a combination of axial loads and bending moments at the pile-cap interface. The 
following sections deal with the two basic types of connections: pinned and fixed.

 
A pinned connection can be used between a pile and cap where moment transfer 
between the two is not required or considered in design. If the pile is expected to 
remain in compression at all times (i.e., no uplift on pile), it can be embedded into 
the footing or cap. The embedment distance should be sufficient to ensure a posi-
tive connection while still permitting some rotation to eliminate excessive moment 
build-up.

For piles subjected to axial compression only, most state highway departments have 
standard details, which normally require a 6 in. to 1 ft pile embedment. Some states 
have additional requirements for roughening the pile surface over the embedded 
length, exposing strands, extending mild steel reinforcement or providing a spiral 
around the embedded length. However, these measures are more generally appli-
cable to foundations requiring fixed pile connections. LRFD Article 10.7.1.5 and  
STD Article 4.5.15 specify requirements for minimum pile embedment depths in 
caps and footings.

 
LRFD Article 10.7.3.8 states that pile heads must be fixed into the pile cap for 
vertical piles to efficiently transfer a significant amount of lateral load between the 
structure and the supporting soil. A wide variety of details have been used to develop 
the required fixity in the pile-to-cap connection. Parameters that have been studied 
for their impact on fixity include:

 • Length of pile embedment

 • Degree of roughness or surface condition of the embedded portion of the pile

 • Addition of spirals around the embedded portion of the pile

 • Use of mechanical shear connectors or supplemental mild steel reinforcement

The design of prestressed concrete pile-to-cap connections must consider the varia-
tion in strand prestressing force from zero at the end (head) of the pile to the full 
effective prestress (fpe) at a transfer length from the end of the pile. This distance is 
taken as 50 strand diameters in the Standard Specifications (Art. 9.20.2.4) and 60 
strand diameters in the LRFD Specifications (Art. 5.11.4.1). In addition to this trans-
fer length, an additional length is required to develop the stress in the prestressing 
strand required to achieve the full flexural capacity of the pile.

A number of studies have been conducted to determine the optimum connec-
tion details for prestressed concrete piles. Representative details are shown in  
Figure 20.6.2-1. A discussion concerning some of the more common ones follows.

 
This method involves embedding the pile head a sufficient distance into the cap 
to develop the full capacity of the strand to resist bending (Fig. 20.6.2-1a, b or f). 
The embedded surface of the pile must be clean and may be roughened to increase 
bond between the pile and the cap. This method offers the advantage of being the 
least expensive alternative since it requires little additional time, labor or materials to 
implement. A significant disadvantage to the method is that the embedment length 

20.6
PILE-CAP CONNECTIONS

20.6.1
Pinned Connections

20.6.2
Fixed Connections

20.6.2.1
Pile Head Extension

20.6 Pile-Cap Connections/20.6.2.1 Pile Head Extension
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20.6.2.1 Pile Head Extension

LD

a) Pile Development Only b) Pile Development with
    1⁄4" Amplitude Roughening

c) Straight or Hooked Dowels d) Hooked Dowels with Spiral

e) Exposed Strands with Spiral f ) Pile Development 
    with Spiral (with or without 
      1⁄4" Amplitude Roughening)

g) Exposed and "Broomed" Strands

LD

Figure 20.6.2-1
Embedment Details for 

Moment Transfer Between  
Pile and Cap
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required may be greater than that which can be accommodated by the cap depth. 
There is also uncertainty concerning the length of embedment required for different 
strand diameters, pile sizes and load requirements. With this method the pile cap may 
need to be wider than with other connection details, since the bottom longitudinal 
cap reinforcement must be placed beside rather than over the pile head because of 
the long pile embedment.

Recent test programs have focused on strand development length and strand slippage 
to determine the embedment length required for full moment transfer between a 
prestressed concrete pile and the pile cap. The Florida Department of Transportation 
conducted tests to identify the optimum embedment length required to develop the 
flexural capacity of a pile without strand slippage. The results of that study, presented 
in Shahawy and Issa (1992), involved full-scale testing on nineteen 14-in. square 
piles. Testing included measurement of strand slippage and moment at failure with 
various amounts of embedment into the pile cap. Among the conclusions reached was 
that the code equations for calculating development length are very conservative for 
prestressed piles. For 1⁄2 -in. diameter strands, it was recommended that a minimum 
pile embedment length of 50 in. be used in order to develop the full flexural strength 
of piles without strand slip. The study pointed out that the required length was less 
than that calculated from development length equations given by ACI 318-02 and 
the Standard Specifications because of the different end restraint conditions that exist 
in a pile compared to a prestressed beam. For a pile embedded in a cast-in-place cap, 
shrinkage of the pile cap concrete creates a clamping force on the pile, which serves 
to reduce the development length required. The study also found that the presence 
of adequate confinement reinforcement in the pile within the embedment length 
serves to increase the moment capacity of the pile, particularly for shorter embed-
ment depths.

Tests by Joen and Park (1990) studied 16-in. octagonal piles with (10) 1⁄2-in. diameter 
strands. The pile heads were embedded into the cap 32 in. and roughened to 1⁄8-in. 
amplitude. A light spiral was placed around the embedded length of the pile. The 
test specimens were subjected to repeated cycles of load to simulate seismic effects. 
The results of the testing program showed that any slip that may have occurred in 
the strands did not seriously influence the behavior of the connection during cyclic 
lateral loading.

 
This method requires that the concrete at the end of the pile be removed to expose 
the prestressing strands which are extended into the cap (Figures 20.6.2-1e and 
20.6.2.2-1). A light spiral is placed around the strands prior to casting the cap. The 
removal of concrete at the end of the pile, without damaging the strands, can be a 
labor intensive and time consuming activity.

The exposed prestressing strands, which are untensioned, must be developed into the 
cap in order to provide the required capacity. The length of exposed strand required 
to make the connection depends on the required capacity of the connection. A study 
by Joen and Park (1990) tested this type of connection detail for 16-in. octagonal 
piles with (10) 1⁄2-in. diameter strands embedded 26 in. and 36 in. Both performed 
satisfactorily under repeated cycles of load to simulate seismic effects. Articles by 
Salmons and McCrate (1977) and Noppakunwijai, et al (2002) give guidance con-
cerning design data for bond of untensioned prestressing strand.

20.6.2.2
Strand Extension

20.6.2.1 Pile Head Extension/20.6.2.2 Strand Extension
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Reinforcement for pile-to-cap connections often consists of mild steel (Grade 60) 
dowels cast in the pile head or grouted into dowel holes that have been cast or drilled 
into the pile head (Fig. 20.6.2-1c and d). Dowels cast in the pile may either project 
from the head or may be fully embedded for exposure after driving. When piles are 
cast with projecting dowels, a special driving helmet is required.

To avoid the time and expense of removing concrete at the end of piles to expose 
dowels, holes are often drilled or cast into the piles and the dowels are grouted into 
the holes after the piles are driven and cut off to the desired elevation. Dowel holes are 
typically formed using spiral metal tubing to provide an effective connection between 
the pile and the dowels. The designer should note that when dowel holes are formed 
during casting, the effective area of the head of the pile is reduce which increases the 
stresses at the head of the pile during driving. As a rule of thumb, the maximum 
reduction in cross-sectional area resulting from preformed dowel holes is generally 
limited to approximately 6% of the gross pile area. When the area or number of dow-
els required is large, dowel holes can be drilled after driving the pile or the dowels can 
be placed prior to casting and exposed by cutting the pile after driving.

Additional length should be provided in forming the holes to account for variable 
soil conditions that may necessitate removing a portion of the pile. While the use 
of preformed dowel holes facilitates placement of the dowels, the detailing of exces-
sively long dowel holes requires the contractor to fill the holes with a large quantity 
of grout. Therefore, the extra length of hole should be reasonable to minimize the 
amount of grout required.

The number and size of dowels required is determined by the required capacity of 
the connection. Dowels must be developed in both the cap and the pile a distance 
required to resist the design forces and moments on the connection. The area and 
embedment length of the dowels do not need to provide the full capacity of the  
prestressing strands in the pile, but should be designed to transfer the forces deter-
mined by analysis. Dowels should be terminated at staggered locations in the pile, 
with a 1 ft minimum stagger.

20.6.2.3
Mild Steel Dowels

20.6.2.2 Strand Extension/20.6.2.3 Mild Steel Dowels

Figure 20.6.2.2-1
Workers Expose Strand in  

Pile Heads for Moment 
Connection with Pile Cap
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Subsurface variability may make it difficult to accurately determine cut-off elevations 
for piles on some projects. In such cases embedded bars or dowel holes must be suf-
ficiently long to ensure that they can be fully developed below the cap once the piles 
are cut off. Where significant variability is anticipated, it may be more economical to 
drill the dowel holes after driving.

 
For hollow piles, a cage of reinforcement, a steel pipe or some other structural steel 
member can be concreted into the pile core following driving (Fig. 20.6.2.4-1). A 
plug must be provided within the pile void to permit the cage or steel member to 
be grouted into the core. Issa (1999) provides details and test results for a steel pile 
connection involving a 30-in. square pile with a circular void.

 
Various combinations of pile head extension, strand extension, surface roughening, 
confinement spiral and/or mild steel dowels may be used.

 
Before any of the connection methods identified in Figure 20.6.2-1 are used, it 
is important to understand the limitations of the testing programs used to verify 
the adequacy of such details. Some of the test programs were conducted with axial 
compression present to simulate the dead load of the superstructure on the pile. 
This compression tends to increase the bending capacity of the pile at the interface. 
However, in instances where uplift is involved, such as in a seismic event or vessel 
impact, the axial load may be a small or negligible compression force or may even be 

20.6.2.4
Other Connections

20.6.2.5
Combination Connections

20.6.2.6
Testing Limitations

20.6.2.3 Mild Steel Dowels/20.6.2.6 Testing Limitations
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a tensile force. Also, a number of the connections have been tested to failure under 
static loads but have not been verified under cyclic loading or load reversal. It is there-
fore important to consider the various loading conditions to which the connection 
will be subjected before determining whether a particular detail is applicable. The 
cost of implementing any such detail in the field should also be considered during 
design.

 
Precast bent caps have been used successfully with precast concrete piles on projects 
in several states. The use of precast bent caps allows rapid erection of a large number 
of plant-cast footings or pile caps in a relatively short period of time. This option is 
attractive on projects with a large number of repetitive substructure units, particularly 
when schedule is important or where casting in place is difficult.

Precast bent caps are beneficial in other situations as well. Environmental concerns 
sometimes dictate that equipment not be allowed to traverse sensitive environmental 
sites. In such cases it may be necessary to use “top-down” construction, meaning that 
equipment used to construct the bridge is positioned on top of the bridge rather than 
on the ground or on a barge beside or below the structure. Erection progresses from 
one end of the bridge to the other by advancing the equipment along the deck as suc-
cessive spans are completed. With relatively short span lengths, it is possible to drive 
piles, reach out and place a precast pile cap, set the deck slabs, and repeat the proce-
dure until all the spans have been constructed. The sequence is generally planned in 
the design office, and the bridge is detailed to facilitate the construction process.

Some bridge sites are so remote as to preclude the use of plant-batched concrete, and 
the project is too small to warrant construction of an on-site plant. In such cases, 
precast concrete pile caps provide assurance of quality control and help speed the rate 
of construction.

Precast concrete pile caps are often used in situations where the piles will be subjected 
to axial loads only, but they have also been used for moment-resisting footings. The 
caps must be connected to the piles by providing pockets through the pile caps 
directly over the piles so that reinforcement can extend from the pile into the block-
out. The blockout is then filled with non-shrink grout to complete the connection.  
Figure 20.6.3-1 shows details for precast bent caps and connections between 
the piles and the cap that have been developed for the Florida Department of 
Transportation.

20.6.3
Precast Bent Caps

20.6.2.6 Testing Limitations/20.6.3 Precast Bent Caps
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20.6.3 Precast Bent Caps
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20.7
MANUFACTURING AND 

TRANSPORTATION

20.7.1
Manufacturing Plants

20.7.1.1
Fabrication and Forms

20.7.1.1.1
Square Piles

Prestressed concrete piles are manufactured in plants throughout North America. 
Plants are sometimes located on navigable waterways, which enables delivery of raw 
materials and shipping of prestressed piles and other finished products by barge. 
Other plants ship finished precast products by truck or rail. Plant operations often 
include a central concrete batch plant and delivery vehicles that transfer concrete 
from the batch plant to the casting beds. Casting beds for piles are usually construct-
ed in long lines and casting is done on a continuous, daily cycle.

Because casting is repetitive and work performed in a plant is performed by expe-
rienced, trained personnel in a controlled environment, the quality of plant-manu-
factured prestressed piles is ensured and consistently maintained. Therefore, owners’ 
specifications should require that manufacturers be regularly engaged in production 
of prestressed concrete products and be able to demonstrate, through past perfor-
mance, their ability to achieve the required quality. Proven capability should be 
shown through participation in the PCI Plant Certification program.

Square piles are often produced using self-stressing forms where the bottom and side 
forms are constructed in a single unit. This rigid form serves as a column to resist 
the forces in the tensioned prestressing strands. Frequently, self-stressing forms are 
constructed so that several lines of piles can be cast simultaneously in the same form 
(Fig. 20.2.2.2-1). Forms that allow several lines of piles to be cast simultaneously are 
called “gang” forms. Generally, the forms are long enough that several piles can be 
cast end to end.

Because the side forms cannot be removed on self-stressing forms, the sides are given 
a slight outward taper (draft) to permit the product to be easily removed from the 
form. This makes the top “finished” side of the piles wider than the bottom “formed” 
side. The nominal pile dimension is held at mid-height so that the top is slightly 
wider than the nominal pile size and the bottom is slightly narrower. The difference 
in width between the top and the bottom faces varies with the depth of the form. 
Typically, the draft on each side face will vary from about 1⁄4 in. for a 10-in. pile to 
approximately 1⁄2 in. for a 30-in. pile. Therefore, the top and bottom pile widths vary 
from the nominal pile dimension by ±1⁄4 in. and ±1⁄2 in., for 10-in. and 30-in. piles, 
respectively.

Piles may also be manufactured using conventional three-piece forms, where the side 
forms are removable. In this case, where the forms are not designed to resist the pre-
stress force, the forms are placed on casting beds with permanent abutments at the 
ends to resist the prestressing force.

As mentioned in Section 20.2.2.1, circular internal voids may be introduced into 
piles for several reasons. They can be formed with cardboard tubes that remain in 
the product. The voids generally start and stop at some distance from the ends of the 
piles, making the ends solid to resist driving stresses. When solid ends are used, it is 
important to provide vents from the outside of the pile to the inside of the closed void 
in order to prevent the build up of air pressure inside the void.

20.7 Manufacturing and Transportation/20.7.1.1.1 Square Piles



Chapter 20

PRESTRESSED PRECAST CONCRETE PILING
PCI brIdge desIgn manual

sePt 04

Octagonal pile forms vary but can consist of a three-piece form with a bottom pallet 
and two removable side forms or a bottom form with hinged sides that open to allow 
stripping. Octagonal piles can be solid or cast with a void, similar to square piles.

 
Cylinder piles may be produced using several methods. Conventional forms with 
removable or hinged top sections may be used for piles cast and pretensioned in a 
single piece. The void is typically formed by a collapsible mandrel that is removed 
after the pile is removed from the bed (Fig. 20.7.1.1.3-1).  The prestressing strands 
in these piles are conventionally pretensioned.

Cylinder piles may also be cast using a centrifugal casting method (spin-casting) 
in which the forms are spun about the pile longitudinal axis during casting. Piles 
manufactured in this manner are generally cast in short segments that are later joined 
together using full-length prestressing strands that pass through small ducts which 
have been formed in the segments. This method is discussed in greater detail in 
Section 20.5.8.2.1. A third method for casting cylinder piles is by slip-forming. The 
void in these piles is formed by a moving mandrel, a process similar to the fabrica-
tion of hollow-core slabs. The prestressing strands in these piles are conventionally 
pretensioned.

Both the spin-casting and slip-forming methods of casting cylinder piles require the 
use of special equipment under the supervision of experienced plant personnel.

For all three methods of cylinder pile fabrication, the void extends completely 
through the pile. This leaves the ends of the pile open, unlike piles where the void is 
cast using cardboard tubes.

After casting, all piles should be labeled with an identifying number and the casting 
date, as a minimum. Piles are generally removed from the forms using embedded lifting 
eyes consisting of unstressed seven-wire strands bent into shape at the plant. Recesses 
formed by cutting off the embedded lifting device should be patched with epoxy mor-
tar (after the recess area has cooled sufficiently but before the pile is shipped). For piles 
installed in marine or other corrosive environments, embedded lifting loops or lifting 
hardware in the portion of the pile to be located above the mud line should be cut off 

20.7.1.1.2
Octagonal Piles

20.7.1.1.3
Cylinder Piles

20.7.2
Stripping, Handling  

and Storage

20.7.2.1
Stripping and Plant Handling

20.7.1.1.2 Octagonal Piles/20.7.2.1 Stripping and Plant Handling

Figure 20.7.1.1.3-1
Pulling the Mandrel from  

the Core of a Bed-Cast  
Cylinder Pile
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below the surface of the pile and patched with epoxy mortar. A formed recess should 
be provided around the lifting device to provide adequate cover.

Handling, especially of long, slender piles, must be done carefully and in accordance 
with procedures detailed in the contract documents or by the manufacturer’s engi-
neering department. A pile should be handled only at clearly marked support points. 
As previously discussed, the number and spacing of embedded lifting eyes is of prime 
importance to prevent damage.

 
The discussion of storing concentrically prestressed products in Section 3.3.8.2 is 
applicable to prestressed concrete piles. A typical example of piles in storage is shown 
in Figure 20.7.2.2-1.

All support points must lie along a straight line so that the pile will remain straight. 
Piles in storage that are supported only at lift points may deflect between the lift points. 
Creep may cause the piles to take on permanent deformations, which could be detri-
mental during later handling and driving. Therefore, it is recommended that dunnage 
points for long-term storage be spaced significantly closer than the lifting points.

 
Handling of long slender piles in the field should be observed closely by inspection 
personnel to avoid the possibility of piles being damaged by improper handling or 
storage. Experienced pile driving contractors recognize the importance of taking pre-
cautions against overstressing piles and space the lift points accordingly. Nevertheless, 
handling instructions should be provided, either in the contract documents or 
through directives issued after pile lengths have been established. Instructions should 
include the number and spacing of lift points and the number and spacing of dun-
nage points if the piles are to be stored on site for any appreciable length of time.

Piles are often handled in the field with wire rope “chokers” or nylon slings  
(Fig. 20.7.2.3-1) because strand-lifting eyes are cut off and patched before the piles 
leave the manufacturing plant. Since the lifting points may have been patched, their 
locations may not be obvious to field personnel. Therefore, lifting point locations 
should be clearly conveyed to the field personnel via written instructions or marked 
on the piles before shipping.

When pile lengths require that more than two lift points be used, care must be taken 
to ensure that lifting slings are adjusted properly so that the load is equal at each lift-
ing point and the piles remain straight during handling.

20.7.2.2
Storage

20.7.2.3
Field Handling

20.7.2.1 Stripping and Plant Handling/20.7.2.3 Field Handling

Figure 20.7.2.2-1
Piles in Storage
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Prestressed piles are normally delivered from the manufacturing plant to the con-
struction site via barge, truck or rail, depending on the location of the site and avail-
able access. Railroad bridges are usually accessible by rail and piles can be delivered 
by rail, depending upon the availability of rail service to the casting plant.

During transportation, it is essential that the pile be supported at relatively close spac-
ing along its length to avoid damage. The member should be secured to the carrier at 
sufficient intervals using chains, wire rope or nylon straps. Section 3.5 discusses con-
siderations for transporting precast, prestressed concrete elements, including piles. 
Because piles can extend to over 100 ft in length, size limitations may prevent certain 
modes of transportation from being viable or may require that piles be shipped in 
pieces and spliced on site.

 
For long piles with multiple lift points, “rocker” assemblies can be used to equalize 
loads at each support location along their length (see Fig. 3.5.3.5-1).

 
When long piles are delivered by truck, an expandable flat trailer equipped with a 
frame that extends past the rear of the trailer may be used to provide support for the 
pile. Similar methods include frames that permit the pile to extend over the cab of the 
truck, effectively reducing the overall length of the rig to within legal limits. Various 
states have laws that regulate length, height, width and axle loads so it is imperative 
that applicable regulations be checked when planning shipments.

20.7.3
Transportation

20.7.3.1
Rocker Supports

20.7.3.2
Shipping Trusses

20.7.2.3 Field Handling/20.7.3.2 Shipping Trusses

Figure 20.7.2.3-1
Cylinder Pile Being Lifted  

with Slings
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When barge shipments are possible, piles can often be economically shipped great 
distances (Fig. 20.7.3.3-1). The ability to haul large numbers of piles at one time 
make this mode of transportation very economical, even when used in conjunction 
with truck or rail connections to the final jobsite. Piles are set on dunnage spaced at 
relatively close centers in order to prevent overstressing the piles or the deck of the 
barge. When shipments include routes outside inland waterways or the Intracoastal 
Waterway, the piles must be tied down carefully to prevent excessive movement and 
damage in case of a storm at sea.

20.7.3.3
Barge Loading

20.7.3.3 Barge Loading

Figure 20.7.3.3-1
Barge Loaded with Prestressed 

Concrete Piles
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A pile can be designed and constructed to safely carry the design loads, but it will 
only achieve its intended purpose if it is properly installed and functions as part of an 
adequate pile-soil system. Thus, in addition to being designed for its required struc-
tural capacity, the pile must be structurally capable of being driven to the required 
bearing capacity. This necessitates a different set of structural considerations for driv-
ing when compared to the final service conditions of the pile. Usually, the most severe 
stress conditions a pile will endure occur during driving.

 
Many methods have been successfully used to install concrete piles, and new tech-
niques and methods are constantly being developed. A proper method satisfies the 
objectives of preserving the structural integrity of the pile during installation and 
ensuring that the pile will properly resist the loads for which it has been designed. 
The method must avoid overstressing the pile and must utilize appropriate equip-
ment to install the pile to grade without damage. The selection of equipment is of 
paramount importance and involves matching the driving system to the pile-soil sys-
tem. The use of improper equipment may result in damage to the pile, unsuccessful 
driving of the pile to its desired position or a reduction in the soil’s ability to support 
the pile in the desired manner.

 
Installation methods may vary with such factors as:

 • Size, type and length of pile

 • Required driving capacity of the pile

 • Inclination of the piles (i.e., vertical or battered)

 • Type of soil/rock into which the pile is to be installed

 • Surrounding element (soil or water)

 • Uniformity of the soil strata from bent to bent

 • Effective prestress in the pile

 • Pile group arrangement

 •  Site location and accessibility (e.g., presence of surrounding structures; poten-
tial to use larger equipment supported by floating barges as opposed to land-
based equipment)

 • Number of piles on project and construction schedule (i.e., economy of scale)

The interrelationship between design, manufacturing and installation is vital to 
ensure proper performance of a piling foundation. The installation method should be 
integrated with the design. The designer must ensure that the piles can be installed at 
the site in a manner that will allow them to perform their intended function. After 
selecting appropriate pile sizes and types for the specific conditions of the bridge 
structure and site, the designer must prepare construction documents that limit or 
exclude the use of pile installation methods that may be detrimental to performance 
of the piling foundation. The contractor must install the piles in a manner that will 
comply with the essential design requirements. Within these necessary limits, the 
construction documents should allow maximum freedom for selection of the most 
efficient and cost-effective installation method by the contractor.

20.8
INSTALLATION

20.8.1
General

20.8.1.1
Structural Integrity

20.8.1.2
Factors Affecting Installation

20.8.2
Installation Techniques and 

Methods

20.8.2.1
Introduction
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The most common method of installing prestressed concrete piles is by driving with 
an impact hammer (Fig. 20.8.2.1-1). The hammer operates between a pair of paral-
lel guides, or “leads,” suspended from a standard lifting crane. The bottom of the 
leads is connected to the crane by means of a horizontal strut known as a “spotter.” 
The spotter can be extended or retracted to permit driving the piles on a batter or to 
plumb the leads over the location of a vertical pile. Swinging leads without a spotter 
should be used with caution, since such an arrangement increases the risk of driving 
the pile out of alignment and may cause significant bending stresses in the pile dur-
ing driving.

Other methods used in conjunction with driving include jetting, vibrating and pre-
drilling (augering). These are discussed briefly below. For a more complete descrip-
tion of pile installation methods the reader is referred to ACI 543R-00 (2000) and 
Harris (1994).

 
Pile driving equipment used on land usually involves rigs mounted on caterpillar 
treads to allow easy mobility between piling foundations, but may also include rub-
ber-tired rigs supported on outriggers during driving operations (Fig. 20.8.2.2-1). 
Though generally supported at ground level, land-based equipment may also involve 
rigs mounted to bridge decks for “top down” installation of piles when required by 
project conditions. The size of equipment required will depend upon the size length 
and capacity of the pile being driven and the cumulative weight of the pile, driving 
leads and hammer. A second rig or crane is often used to aid in handling the piles and 
getting them into position so that they can be lifted into the leads. In soft or highly 
compressible soils, it may be necessary to support the driving equipment on wooden 
or concrete mats to provide a firm base on which to operate.

20.8.2.2
Land Installation

20.8.2.1 Introduction/20.8.2.2 Land Installation

Figure 20.8.2.1-1
Pile Hammer for Batter  

Pile Installation
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For land installation, templates are occasionally used to facilitate the positioning and 
alignment of piles. These templates are similar to those used for water installation, 
but typically do not require temporary support piling. The templates are often used 
as part of the cap forming system.

 
When piles are driven in water, the driving equipment is generally supported on 
barges. In instances where the use of barges is prohibited due to environmental 
restrictions or limited water depth, a pile-supported, temporary work platform may 
need to be erected adjacent to the permanent foundations (Fig. 20.8.2.3-1).

To ensure proper positioning of the piles when driving in water, a template is often 
required to hold the piles in position and to prevent them from drifting during instal-
lation (Fig. 20.8.2.3-2). Heavy steel beams, supported on temporary piling, can be 
welded together to make up the template through which the piles are driven in the 
proper footing configuration. The template should not restrict the pile from rotating 
because it could cause spalling of the corners of the pile. To minimize damage to the 
pile, rollers can be attached to the template to reduce friction between the pile and 
the template.

 

20.8.2.3
Water Installation

20.8.2.2 Land Installation/20.8.2.3 Water Installation

Figure 20.8.2.2-1
Pile Driving Rig
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Other issues may affect the installation of piles. One example is environmental, 
especially where piles are driven in water and material is removed prior to or during 
pile installation (see next section). For example, the permits for pile installation may 
specify which methods can be used or may limit impacts on the site environment. 
Sometimes mitigating procedures can be implemented, such as requiring turbid-
ity curtains in conjunction with jetting. However, the use of such procedures may 
increase the cost of pile installation.

Jetting involves the use of a water jet near the tip of a pile or around the perimeter 
to loosen sand or small gravel and reduce friction along the pile-soil interface to 
facilitate installation (Fig. 20.8.2.5.1-1). Jetting generally works well in granular 
soils and may provide a means of installation when difficult driving conditions are 

20.8.2.5
Special Installation Procedures

20.8.2.5.1
Jetting

20.8.2.4
Additional Issues

20.8.2.3 Water Installation/20.8.2.5.1 Jetting

Figure 20.8.2.3-2
Precast Seal / Pile Template

Figure 20.8.2.3-1
Temporary Workbridge for Pile 

Installation in Water
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20.8.2.5.1 Jetting

Figure 20.8.2.5.1-1b
Field Personnel Inspect Jet in  
Square Pile Prior to Driving

3" jet pipe
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Figure 20.8.2.5.1-1a
Jetting with Internal Pipe
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anticipated or have already been encountered. A distinction is made between jetting 
and “pre-jetting.” While jetting occurs simultaneously with pile driving, pre-jetting 
takes place before the pile is inserted in the ground. Pre-jetting, or “jet spudding,” 
involves the installation of a weighted water jet at the pile location to break up hard 
layers and cemented strata. Pre-jetting is generally not as effective in granular soils 
since pile driving typically recompacts these soils, making them highly resistant to 
pile penetration.

Simultaneous jetting and driving of prestressed concrete piles can be undesirable 
(ACI 543R-00, 2000). The influence of jetting on the long-term soil properties and 
the consequent post-driving interaction of the pile and soil should be given careful 
consideration. Most specifications require that a pile be driven into undisturbed soil 
for the last few feet to develop the desired tip resistance and to prevent a hole from 
being jetted below the pile, thereby creating a condition where the pile could settle 
later. In addition, most granular soils will reconsolidate after jetting stops, and final 
driving of the pile with the hammer will augment this consolidation.

Great care is required when jetting is used to install a new pile adjacent to existing 
piles to avoid undermining the latter. The use of jetting with batter piles also requires 
special attention to make sure that proper alignment of the pile is maintained.

Jetting is particularly useful in operations involving the removal of piles. When jet-
ting is used for this purpose, extreme care must be taken to prevent damage to the 
soil supporting adjacent or nearby piles that are to remain.

When piles are to be produced with the knowledge that jetting will be used, jet pipes 
are sometimes cast in the pile. In this instance, care must be taken in the choice of 
materials used in the jet pipe. Differences in the modulus of elasticity of PVC pipe 
and the surrounding concrete, for instance, can cause damage to pipe joints and to 
the pile. The use of high-pressure internal jets in hollow concrete piles should be 
avoided since the breakage of jets or high pressures due to water hammer effects can 
burst the pile.

 
Predrilling a starter hole to locate and/or penetrate subsurface obstructions and then 
positioning the pile in the hole is a common practice in many areas. For example, if 
the soil at the top of the ground is hard but is underlain by soft material, the pile must 
penetrate the hard crust before it can be driven through the soft material below. It 
may be necessary to predrill through the crust to permit penetration and to eliminate 
hard driving while the pile is unsupported at the beginning of installation.

Predrilling is also commonly used to penetrate through manmade fills that have been 
recently compacted or that may contain obstructions, such as boulders or construc-
tion debris. Great care is required when predrilling near existing structures to avoid 
damage to the structures or undermining their foundations. This is a particular 
concern in noncohesive soils where predrilling is typically ineffective because the 
predrilled hole is prone to collapse upon withdrawal of the auger.

When a pile is to derive support from skin friction in a given strata, care should be 
taken to stop drilling at the proper depth to avoid running the auger into this layer. 
Specification of an appropriate bit diameter and limiting depth of penetration should 
be made by an experienced pile installation contractor, subject to the approval of the 
project geotechnical engineer and structural engineer. Where the need for predrill-

20.8.2.5.2
Predrilling

20.8.2.5.1 Jetting/20.8.2.5.2 Predrilling
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ing can be reasonably anticipated, this information should be included as part of the 
project specifications.

Predrilling is generally a more controllable form of pre-excavation than jetting, with 
less potential for detrimental effects on adjacent piles or structures and on the fric-
tional capacity of the installed pile.

 
A less common method of providing a starter hole is through spudding. Spudding 
involves driving a mandrel or shaft at the beginning of pile driving operations in 
order to provide a starter hole for placing a pile. Spudding is occasionally used to 
break or dislodge hard obstructions, such as boulders.

 
Sometimes it is necessary to drive a pile in a hole or through overburden to a cutoff 
elevation below the level of the ground. In this instance it is common practice to 
place a rigid structural member, or pile “follower,” between the drive head and the 
pile head in order to drive the pile to a given depth below grade. A follower should 
only be used when absolutely necessary since its introduction modifies the dynamic 
energy transferred to the pile during driving. Under such circumstances, a wave equa-
tion analysis may be necessary to accurately assess the pile’s behavior. If a follower is 
required, a qualified geotechnical engineer should be consulted to evaluate the influ-
ence of the follower on pile driving criteria.

 
Some sites may contain underground obstructions that were not encountered while 
making the geotechnical study. Sites that were streambeds in the past may contain 
fill that includes tree trunks and other debris. When unexpected obstructions are 
encountered during pile driving, it may become necessary to excavate and remove 
them before piles can be installed.

 
Although it is more economical to use plumb piles whenever lateral loads are small, it 
is common practice to drive some of the piles at an angle with the vertical (i.e., batter, 
or inclined piles) where large lateral loads must be resisted by a pile foundation. The 
ability to install batter piles must be evaluated during the design phase. The bridge 
designer, in consultation with the project geotechnical engineer, should carefully 
consider the effects of length and degree of batter on the selected pile size and the 
project site conditions. In particular, especially long battered piles may require special 
or high-capacity equipment which may significantly increase the cost of installation. 
Also, overhead utility lines or the proximity of an existing bridge or other structure 
could restrict the degree of inclination and/or length of pile that can be installed.

The installation of batter piles must be carried out by a skilled pile-driving contractor 
who has knowledge of local subsurface conditions and experience with the equipment 
being used and the type of piles being driven. Maintaining the proper alignment 
during installation becomes much more difficult than with plumb piles, and dam-
age to the pile can occur for a variety of reasons. Long piles are more susceptible to 
bending when battered, especially if an obstruction is hit during driving. Also, long 
slender piles on a batter have a tendency to bend downward due to gravity during 
driving. These deflections create additional bending stresses in the pile when hit by a 
hammer. Hard subsoil layers or obstructions can also deflect piles during installation. 
Deflections of any kind during installation add to the stresses in a pile and can lead 

20.8.2.5.4
Followers

20.8.2.5.5
Excavating

20.8.2.5.6
Batter Piles

20.8.2.5.3
Spudding

20.8.2.5.2 Predrilling/20.8.2.5.6 Batter Piles
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to failure in bending, so it is important that the foundation contractor take steps to 
minimize their occurrence.

 
The installation of concrete piles typically compacts the soil, particularly granular 
soils. To facilitate pile installation, the piles should be driven in a sequence outward 
from the center of the foundation or from one end of the foundation to the other. On 
slopes, pile installation should progress downward from the top of slope.

 
During pile installation, the contractor is required to drive piles to the bearing 
capacity shown in the contract documents. It is imperative that the contract docu-
ments clearly identify whether the loads specified represent service or factored load 
(ultimate) capacities. The determination of bearing capacities should be made by a 
qualified geotechnical professional based on appropriate field-testing and monitor-
ing procedures as prescribed in the governing specifications. Several methods of 
determining soil bearing capacity during installation are available depending on the 
project location, the type and number of piles being driven, properties of the soil 
strata and other considerations. It is not uncommon to use more than one method 
on a project to ensure reliability or to supplement results from one method with those 
from another less expensive method. For example, the use of dynamic measurements 
can decrease the number of static load tests required, which may save time and reduce 
testing costs.

 
The most reliable method for determining the load capacity of a prestressed con-
crete pile is to load test it. Load testing consists of driving a test pile to the design 
depth or designated driving criteria and applying a series of loads to it. Load tests are 
conducted to verify that the actual pile response is as assumed by the designer and 
to ensure that the actual ultimate capacities are not less than the computed factored 
loads used during design. The pile is loaded either to failure or to some multiple of 
the required design service load. Load tests can be used to establish pile capacities 
for axial compression, axial tension or lateral load. The results of a pile load test are 
strictly applicable only for the pile or pile group tested, but they are often extrapolat-
ed to neighboring piles or pile groups. For this reason it is important that a sufficient 
number of borings be taken and that driving resistances be obtained to disclose any 
dissimilarities between soil conditions at the test pile location and at other locations 
on the job site. It is also essential that job inspection and control ensure that all piles 
are installed consistent with the test pile.

 
Test piles, sometimes referred to as “index” or “probe” piles, are permanent piles 
driven in advance of production piles on most bridge projects. The driving of test 
piles serves four purposes:

 •  To prove the drivability of the pile – Recommendations by the geotechnical 
engineer and final foundation design by the structural engineer are generally 
based on information from a limited number of borings and soils evaluations. 
Sometimes, piles must be driven through relatively hard driving conditions in 
order to get to the bearing strata. Test piles driven in advance of production piles, 
provide valuable information about actual conditions prior to manufacturing 
and installing large numbers of piles. If a pile design must be changed, it is far 
better to know in advance so that changes can be made at a relatively low cost.

20.8.3.1
Load Tests

20.8.3.1.1
Test Piles

20.8.2.5.7
Sequence of Driving

20.8.3
Soil Bearing Capacity 
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20.8.2.5.6 Batter Piles/20.8.3.1.1 Test Piles
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 •  To determine the required length for production piles – Test piles indicate that a 
certain pile, driven to a specific depth, can safely support the required load. 
They give an indication of the required pile length at a particular foundation 
location prior to production of a large number of piles.

 •  To ensure that the proposed driving equipment can install the pile to the proper 
grade without damaging it – Such items as hammer size, cushioning material and 
thickness, driving stresses, and driving energy are recorded during driving of 
the test pile. Blow counts are noted and recorded for future reference. Dynamic 
analyses may be performed to verify the acceptability of driving stresses.

 •  To provide proof that a certain pile, driven to a specific depth, can safely support 
the load specified in the design plans – When the pile is load tested in accordance 
with applicable specifications, a record is generated to show that the pile design 
is appropriate.

Recommendations concerning test pile locations and pile installation criteria, includ-
ing any requirements for static load testing and/or dynamic monitoring, should be 
made by the project geotechnical engineer. The bridge design engineer is responsible 
for ensuring that these recommendations are implemented in the project plans and 
specifications.

Because the test pile program involves special equipment, procedures and time con-
siderations, determination of test pile locations and testing program requirements 
should consider impacts to the contractor’s schedule. Where phased construction of 
a bridge is required, the project plans should try to incorporate all such pile testing 
into a single phase at the start of construction, whenever possible.

 
Static load tests are conducted to prove the axial or lateral load carrying capacity of 
driven piles by applying vertical or horizontal loads to the head of a test pile. The 
magnitude of the test load is determined by the geotechnical engineer with input 
from the structural engineer and in accordance with the governing project specifica-
tions. The test may require a few hours to several days to conduct, but most tests 
currently being conducted are quick static tests, which can be carried out in an hour 
or two. The results of static load tests, which include the measurement of deflection, 
are generally accurate. Testing is normally conducted by the geotechnical engineer in 
conjunction with the pile-driving contractor.

In the usual testing procedure for axial load resistance, the test pile is driven along 
with two or more temporary tension piles, or adjacent permanent piles in a founda-
tion group. The additional piles provide reactions for the test load. A rigid reaction 
beam spans across t ad as shown in Figure 20.8.3.1.2-1. Alternatively, cribbing and 
dead weight (e.g., concrete blocks or water filled tanks) may be used to supply the 
necessary test load (see Fig. 20.8.3.1.3-2). It is recommended that a load cell be 
placed between the reaction beam and the pile or between the cribbing and the pile 
to permit accurate measurement of the load transferred to the pile. Compression load 
tests are typically performed in accordance with ASTM D1143, while tension tests 
are performed in accordance with ASTM D3689. Each testing standard includes 
several loading procedures (e.g., standard loading, quick loading, constant rate of 
penetration, etc.). The pile may be loaded to failure (preferred) or to some multiple of 
the required allowable load. The results are generally reliable and repeatable, but the 
determination of the “ultimate” pile capacity may vary with the method of interpre-
tation. Unless a very large percentage of the pile capacity is expected to be obtained 
from end bearing (e.g., a pile bearing on rock), static testing should be performed 

20.8.3.1.2
Static Load Testing

20.8.3.1.1 Test Piles/20.8.3.1.2 Static Load Testing
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20.8.3.1.2 Static Load Testing

Figure 20.8.3.1.2-1b
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several days to weeks after installation, thereby allowing time for a strength increase 
due to pile set-up (freeze) or relaxation to occur.

Similar methods are used to test laterally loaded piles. For lateral load tests, the load 
is applied by jacking two adjacent piles apart or by suitably connecting several piles 
to provide the lateral reaction. Lateral load tests are typically conducted in accordance 
with ASTM D3966.

 
An impulse method of load testing, known as “rapid load testing,” applies a prede-
termined load to the test pile in a rapid manner. The load is applied in one of two 
ways: either by explosive charge acting on a piston (Fig. 20.8.3.1.3-1) or by using 
a drop-mass and mechanical springs. For the latter method, the test load capacity is 
limited to about 300 tons. For relatively long piles, it is necessary to provide instru-
mentation in the pile body during casting to obtain accurate results. The associated 
dynamic effects must be considered in development of the static load curve. Results 
are reported as load versus displacement.

A rapid load test involves an impulse or push-load on a pile. The applied load, which 
can be axial or lateral depending on the test objective, is measured using a load cell. 
Displacement is measured using an optical displacement transducer. The purpose of 
the test is to predict the static load-movement behavior of the pile in either the axial 
or the lateral direction. Rapid load testing offers an alternative to static load testing 
and is usually less expensive and time-consuming (Fig. 20.8.3.1.3-2). It also permits 
the application of a large applied force that would be impractical using conventional 
static testing procedures. Such is often the case with large diameter cylinder piles 
driven to very large capacities. It should be noted, however, that the large forces from 
a rapid load test can cause pile head damage if proper procedures are not followed.

The duration of a rapid load test (3-12 Hz) is several multiples longer than the 
natural vibration of a pile; therefore, the entire pile length remains in compression 
throughout the load test. The test method is slow enough to neglect the action of 

20.8.3.1.3
Rapid Load Testing

20.8.3.1.2 Static Load Testing/20.8.3.1.3 Rapid Load Testing

Figure 20.8.3.1.3-1
Rapid Load Test (Axial)
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stress waves but too fast to ignore dynamic effects. Therefore, rapid load testing is 
most appropriate for piles founded in rock or sand, which are less sensitive to the 
rate of loading. Test results may be unreliable for piles founded in cohesive or fine-
grained soils.

As with static testing, rapid load testing should be performed days to weeks after 
installation to allow time for pile setup (freeze) or relaxation to occur. A qualified 
geotechnical engineer should be consulted to assess the suitability of rapid load test-
ing for the anticipated subsurface conditions. A more thorough description of the 
method can be found in Soils and Foundation Handbook 2004 (2004) and Kim, et 
al (2002).

 
Numerous dynamic pile driving formulas for estimating the static load-carrying 
capacity of a pile from driving data have been developed over the years. Most specifi-
cations that permit the use of dynamic analysis methods to determine pile capacities 
recommend the use of a wave equation analysis over the use of traditional dynamic 
formulas. The wave equation method of analysis uses a mass/spring/dashpot system 
to dynamically model the behavior of a pile subject to impact driving (Bowles, 1996). 
Based on pile driving information supplied by the contractor, the geotechnical engi-
neer is able to use a wave equation analysis, such as that performed by the WEAP 
program (Goble and Rausche, 1991), to establish a relationship between the available 
soil resistance (or ultimate pile capacity) and the driving (penetration) resistance (i.e., 
blow count). The program also calculates stresses induced in the pile during driving 
based on the driving resistance, pile characteristics, hammer properties and cushion-
ing material. The relationships between the static soil resistance, the driving stresses 
in the pile and the penetration resistance are used to determine the suitability of the 
proposed driving system and whether adequate pile capacity can be achieved.

Because dynamic analysis methods are not always reliable in predicting ultimate pile 
capacities, such methods are most useful in conjunction with other field-testing and 
monitoring procedures. For example, one combination of methods may involve driv-

20.8.3.2
Dynamic Analysis

20.8.3.1.3 Rapid Load Testing/20.8.3.2 Dynamic Analysis

Figure 20.8.3.1.3-2
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ing a test pile, recording the driving history and then load testing the pile. Reasonable 
assumptions can then be made about the capacities of other piles at the site with 
similar driving histories. Testing can be accomplished using conventional static load 
or dynamic load methods.

 
Dynamic pile testing is accomplished using reusable strain gauges and accelerometers 
or using permanent instrumentation attached prior to pile installation. Electronic 
measurements are recorded during initial driving. After driving, the pile is allowed to 
set (usually one to seven days depending on soil type) to allow any pile set-up (freeze) 
or relaxation to occur and then is “re-struck” by the pile hammer. The electronic 
measurements are taken again and the long-term capacity evaluated.

Dynamic pile testing (ASTM D4945) is performed with special testing equipment 
(e.g., Pile Driving Analyzer (PDA)). The analyzer is used to monitor strain gauges 
and accelerometers, which have been fastened to the sides of the pile at the pile 
head, as the pile is being driven (or re-struck) with the pile driving hammer. Using 
wave mechanics theory, the analyzer converts the strain and acceleration data into 
driving stresses, transferred hammer energy and pile capacity. Dynamic testing is 
often performed during installation to monitor driving stresses, evaluate hammer 
performance, assess pile structural integrity, aid in the development of driving cri-
teria and determine the capacity after installation. The testing is performed by the 
project geotechnical engineer (or a specialty testing firm) with the cooperation of 
the pile-driving contractor. Dynamic monitoring of pile driving can often be used to 
reduce the number of static load tests required to confirm design-bearing capacities. 
In some instances, often with smaller projects, dynamic testing can be used without 
static load tests.

Dynamic testing may be beneficial on larger projects where the effects of liquefaction 
due to earthquake or other extreme events must be considered in design. Liquefaction 
conditions around the pile can be artificially created and horizontal dynamic loads 
applied to simulate the effect of lateral earthquake loads where the surrounding soil 
is likely to liquefy.

A more thorough description of dynamic monitoring and testing methods can be 
found in the Standard Handbook for Civil Engineers (1996).

 
Equipment or components that may be used during pile installation include:

 •  Hammers – Mechanically or gravity driven mass systems used to “drive” the pile 
into the ground by applying an impact force to the top of the pile

 •  Leads or pile frames – Used to pitch and hold the pile in position during driving 
and also to support the hammer and guide it and the pile along the required 
drive angle (Fig. 20.8.4-1)

 •  Driving helmets and cap blocks – Used to distribute and cushion the hammer 
blow to the pile head

 •  Pile cushioning – Placed between cap block and head of pile to cushion pile head 
and prevent damage during driving

 •  Pile tips – Used under conditions of hard-driving to protect tip of piling when 
penetration is required through hard layers of soil or rock (e.g., stiff clays, shales 
or fragmented rock)

20.8.3.3
Dynamic Monitoring  
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20.8.4
Equipment
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Decisions regarding methods of installation and selection of driving equipment 
should be made by individuals with experience and knowledge of local soil conditions 
and information concerning project design objectives.

 
The most important element of a pile driving system is the hammer. Hammers vary 
in type, weight and stroke, and consequently, in the amount of energy they impart 
during driving. The most common hammer types for pile installation are air/steam, 
diesel or hydraulic. Each of these types may be either single-acting or double-acting 
(Fig. 20.8.4.1-1). In single-acting hammers the ram is powered on the upstroke 
and allowed to fall by gravity. Double-acting hammers power the ram on both the 
upstroke and downstroke. A fourth type of hammer, the drop hammer, consists of 
a weight that is raised and allowed to fall on top of the pile. This type of hammer is 
employed infrequently on bridge projects today, and some specifications restrict their 
use when pile capacities exceed a certain level.

Selecting a hammer appropriate to the foundation pile-soil system is of critical 
importance. The hammer must be able to drive the pile to the required resistance or 
depth without damaging the pile. In comparing pile hammers of equal energy rat-
ing, those that utilize a heavier ram and lower impact velocity are generally less likely 
to cause damage to the pile during driving. For some applications, however, longer 
strokes may be necessary to mobilize larger pile capacities. Knowledge of particular 
soils, experience of local geotechnical consultants and experience of area pile driving 

20.8.4.1
Hammer Selection

20.8.4 Equipment/20.8.4.1 Hammer Selection

Figure 20.8.4-1
Leads Being Used to  

Position and Guide Pile  
During Installation
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contractors are often the best sources of information for selection of an appropri-
ate hammer. Other sources may include Harris (1994) or Recommended Design 
Specifications for Driven Bearing Piles (PDCA, 2001).

When permitted by the governing specifications, wave equation analysis can be used 
to facilitate selection of an appropriate driving system by estimating pile capacities, 
driving resistances and stresses in the pile. Sometimes a wave equation analysis is used 
to size the driving system but is not used to control production driving. When wave 
equation analysis is used to determine the bearing capacity of piles, STD Division II –  
Construction Article 4.4.1 requires that the contractor submit calculations demon-
strating that piles can be driven with reasonable effort to the required lengths without 
damage. The Specifications also prescribe efficiencies for different types of hammers 
to be used in the analysis and mandate that the calculations show the required num-
ber of hammer blows per inch at the desired bearing capacity to be between 3 and 10 
for the driving equipment selected (STD Division II – Construction Art. 4.4.1).

Additionally, the driving stresses predicted by the calculations must remain below 
levels that might result in pile damage. Pile cushioning materials and thicknesses 
can be varied to alter driving stresses. This is particularly critical for tensile stresses 
in longer piles or piles subject to very light or hard driving resistance. The point 
of impending damage in concrete piles is given in the form of allowable driving 

20.8.4.1 Hammer Selection

Leads

Inlet

Exhaust

Hammer
casing

Piston

Piston

Anvil
Helmet
Cushion
Pile

Inlet

Exhaust

Figure 20.8.4.1-1
Double-Acting Hammer
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stresses by the Standard Specifications and LRFD Specifications. These are repeated 
in Section 20.5.5.3.1 of this Manual.

In the field, dynamic testing of selected piles during driving may be used to corrobo-
rate the effectiveness of the pile installation system chosen.

 
Driving heads (helmets) are used to distribute the hammer blow evenly to the pile 
head in order to cushion the blow and protect the pile head. Unlike thin-walled pile 
members, prestressed concrete piles require a driving head with a relatively thin base 
because the load is transferred across the entire pile head.

To ensure proper performance, the driving head should be plane and axially aligned 
with the hammer and pile to prevent eccentric impacts. It should be guided by the 
leads and not free-swinging. The driving head should provide approximately 3⁄8-in. 
clearance around the pile to avoid damage from moment or torsion transfer to the 
pile upon hammer impact.

Driving helmets also hold the cap block, or cushion block, which is used between the 
hammer and the driving head to protect both the pile and the hammer from potential 
damage caused by direct impact. The cap block, however, must effectively transmit 
the hammer energy to the pile without excessive loss of energy. The important prop-
erties of cap block materials are their elastic and energy transmission properties and 
the stability of these properties under the high stresses and heat build up that result 
from repeated hammer blows. Materials used for cap blocks include wood, polymer 
resins, rubber, nylon and layered composite (aluminum-micarta) materials.

 
Concrete piles are likely to suffer damage from the force of impact during driving 
unless cushioning is used between the driving head and the pile head. Such cushion-
ing acts to reduce peak impact forces, permit more uniform force transmission from 
the hammer to the pile and control driving stresses in the pile. The effect of cushion 
properties and cushion thickness on pile stresses and energy transmission can be 
evaluated using a wave equation analysis specific to the driving conditions involved.

Pile cushions often consist of laminated layers of hardwood, softwood or plywood, 
although other materials have been used. The required material and thickness varies 
with job conditions. Softwood cushioning 3 to 4 in. thick may be adequate for piles 
up to 50 ft in length with moderate to high tip resistances. For longer piles driven 
in soft soils, a cushion thickness of 6 in. to 8 in. or greater may be required. A new 
cushion should be provided for each pile, but if the cushion becomes burnt, charred 
or overly compressed, it may be necessary to replace it during the driving of a pile.

 
Pile tips (Fig. 20.8.4.4-1), or shoes, are sometimes used with prestressed concrete piles 
to penetrate hard layers or to protect the tip of the pile from excessive damage when 
hard driving is expected. Figure 20.8.4.4-2 shows common types of driving tips.

20.8.4.4
Pile Tips

20.8.4.3
Pile Cushioning

20.8.4.2
Driving Heads  

(Helmets, Cap Blocks)

20.8.4.1 Hammer Selection/20.8.4.4 Pile Tips
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Proper driving practices can be encouraged during design with selection of the right 
type of pile, the right materials and an adequate level of prestressing for the anticipat-
ed driving conditions and pile capacities. It is important that piling be manufactured 
to adequate control standards and that piles not be installed until they have reached 
the specified concrete strength. LRFD Article 5.13.4.4.2 requires a minimum con-
crete compressive stress of 5,000 psi prior to driving.

Proper installation practices require the use of both suitable driving equipment and 
correct procedures as described herein. Guidelines for proper driving practices can be 
summarized as follows (PCI Recommended Practice, 1993; ACI 543R-00, 2000):

1)  Use the proper hammer as discussed in Section 20.8.4.1. To reduce driving 
stresses, use a heavy ram with a low impact velocity (short stroke) rather than 
a light ram with a high impact velocity (long stroke). Although the driving 

20.8.5
Recommended Driving 

Practices

20.8.4.4 Pile Tips/20.8.5 Recommended Driving Practices
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energy may be the same in both instances, driving stresses are proportional to 
the ram impact velocity.

2)  Use adequate cushioning material between the driving head and the concrete 
pile. Section 20.8.4.3 gives general guidelines concerning the type and thick-
ness of cushioning material based on pile length and relative tip resistance. 
Use of an adequate cushion is usually an economical means of controlling 
driving stresses.

3)  Reduce the ram velocity (stroke) during early driving and whenever light soil 
resistance is encountered in order to reduce tensile stresses in the pile. This is 
especially critical when driving long piles into very soft soil.

4)  If predrilling or pre-jetting is permitted, ensure that the pile tip is well seated 
and that reasonable soil resistance is encountered at the tip prior to applying 
full driving energy.

5)  Avoid jetting near or below the planned tip of the pile as this can produce low 
resistance at the tip. In granular soils it is often better to drive with a heavier 
hammer or to a greater resistance than to jet and drive simultaneously.

6)  Ensure that the drive head fits loosely around the top of the pile so that the 
pile can rotate within the drive head. However, the drive head should not be 
so loose as to permit improper alignment of hammer and pile.

7)  Ensure that the pile is straight and does not have sweep (permanent  
lateral deformation) due to uneven prestress, poor manufacturing or improp-
er storage. High flexural stresses can develop during driving of a pile with 
significant sweep.

8)  Ensure that the top of the pile is normal to the longitudinal axis of the pile 
and that no strands or reinforcing bars protrude from the head. Chamfer top 
edges and corners of the pile head.

9)  Ensure that the design level of prestress is adequate to prevent cracking during 
transport, handling and driving. The minimum recommend effective pre-
stress level after all losses is normally 700 psi, but very short piles have been 
installed with lower levels. Long piles, batter piles and piles that are expected 
to encounter varying degrees of resistance (dense to soft strata) may require 
higher effective prestress levels on the order of 1,000 to 1,200 psi. Where 
bending resistance has been a service requirement, levels of up to 0.20f ć or 
more have been used without difficulty.

10)  Ensure that the pile is properly cured prior to installation. Besides meeting 
the minimum specified strength requirement, prestress piles should generally 
be a minimum of two weeks old prior to driving. Tensile strength and modu-
lus of elasticity may develop at different rates than compressive strength.

11)  Use appropriate techniques to prevent the development of internal pressures 
in hollow-core and cylinder piles in accordance with Section 20.8.8.1.6.

12)  Maintain hammer in proper alignment with the pile during driving to mini-
mize bending stresses.

13)  Install piles in proper sequence to avoid driving piles into ground densified 
by previous piles (see Sect. 20.8.2.5.7).

14)  After driving all piles in a group, check individual piles for evidence of heave 
(see Sect. 20.4.4.1). Redrive any pile that has heaved more than 1⁄4 in.

20.8.5 Recommended Driving Practices
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Splicing of precast, prestressed concrete piles may be required for a number of reasons 
on a bridge project. These include:

 •  The supplied length of a pile is not sufficient to obtain the specified bearing 
capacity

 •  Non-uniform substrata conditions make it extremely difficult to determine 
required pile lengths with any degree of accuracy

 •  The estimated length of pile cannot be economically or feasibly transported to 
the site or handled in the driver

Pile splices may be required to develop strength in compression, bending, tension, 
shear and torsion at the point of the splice during driving and under service loads. 
In some cases splices can be located to minimize the actions that must be resisted. 
The type of splice selected will depend primarily on service load requirements and 
the governing specifications. Not all splices are capable of resisting moment or uplift. 
Because there is no net prestressing compression at pile ends, any tension must be 
transferred across the splice by properly developed reinforcing bars. Specifications 
differ concerning requirements for pile splices and the forces they must resist. Where 
mild reinforcement is used, it is preferable to stagger the bar terminations so that all 
bars do not end at the same location.

A variety of splice configurations is available for prestressed concrete piles. All are 
unique and have distinct characteristics. Some splices require only reinforcing bars 
and epoxy grout. Others involve proprietary hardware that is placed in the pile form 
when the pile is fabricated, requiring the strands to pass through the hardware.

Commonly used splices are shown in Figure 20.8.6.1-1 and can be categorized as 
follows (Bruce and Hebert, 1974):

a) Dowel with epoxy

b) Welded

c) Bolted or Pinned

d) Mechanical Locking

e) Connector Ring

f ) Wedge

g) Sleeve

h) Post-Tensioned (not shown)

The successful use of pile splices requires careful workmanship and proper field 
procedures. Because of potential delays during construction and/or additional costs 
involved with proprietary hardware, steps should be taken to minimize the need for 
splices. Designers should recognize the factors that will impact a contractor’s ability to 
deliver and drive piles as a single unit. If it is likely that a particular size and type of 
pile will need to be spliced at a number of foundation locations, consideration should 
be given to using a different size pile or a different type of foundation. For similar rea-
sons, it is important in many cases that the contractor drive a sufficient number of test 
piles at foundation locations prior to ordering a large quantity of production piles.

20.8.6
Pile Length Adjustment

20.8.6.1
Splices

20.8.6 Pile Length Adjustment/20.8.6.1 Splices
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In some instances, the most appropriate foundation choice at a particular site requires 
prestressed concrete piles to be of extraordinary length so that splicing is inevitable. In 
such cases, it is important that the design plans and bid quantities make the contrac-
tor aware of this potential requirement.

 
Build-up is the term applied to any method of extending a driven pile to the required 
cutoff elevation. It differs from a splice in that it is normally cast in place, instead of 
precast. It is usually not driven, but is instead formed to extend from the top of the 
driven pile to the required cutoff elevation. Build-ups are often the result of a pile 
being driven a short distance below the prescribed cutoff elevation. Lowering the pile 

20.8.6.2
Build-Ups

20.8.6.1 Splices/20.8.6.2 Build-Ups

a) Dowels with Epoxy b) Welded c) Bolted or Pinned

Section A-A
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d) Mechanical Locking e) Connector Ring f ) Wedge g) Sleeve

Staggered
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Figure 20.8.6.1-1
Typical Pile Splice Mechanisms
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cap at the affected pile is often the best solution if the pile has not been driven too 
far below grade.

Details of build-ups vary in accordance with the anticipated service load stresses on 
the built-up pile (Fig. 20.8.6.2-1). When piles with build-ups do require additional 
driving, they must be designed and detailed to resist those stresses as well. The con-
crete quality of the build-up must be compatible with that of the prestressed pile. 
Where the interface between the precast pile and the build-up is exposed to wetting/
drying cycles, freeze/thaw cycles or corrosive agents, special measures must be taken 
to ensure durability at these locations.

It is difficult to accurately predict the exact final length of each pile required at a bridge 
site. This is particularly true with end bearing piles on very hard material when the 
elevation of the bearing stratum varies across the site. In such cases, it is generally pref-
erable to cast the piles slightly longer than anticipated rather than risk having to splice 
or install build-ups. If the pile is slightly long and cannot be driven (or over-driven) to 
a satisfactory elevation, it will need to be cut off at the prescribed elevation.

It is important that the technique used to cut off the piles does not cause spalling 
damage or weakening of the concrete. When exposed reinforcement or prestressing 
strands are required to develop the connection with the pile cap, care must be taken 
not to damage the reinforcement. If the design requires dowels in the pile head to 
develop moment capacity, it may be advisable to drill in and insert the dowels after the 
pile is driven to grade rather than risk damaging them when cutting off the piles.

If the probability of meeting driving refusal prior to reaching the design tip eleva-
tion is determined by the geotechnical engineer to be high and the foundation is 
susceptible to seismic or vessel impact loads, it may be necessary to extend a tighter 
spiral spacing and dowels further into the pile. Before piles are cut off, field personnel 
should consult with the bridge designer to ensure that adequate moment capacity and 
axial confinement can be developed beyond the cutoff point.

20.8.6.3
Cutoffs

20.8.6.2 Build-Ups/20.8.6.3 Cutoffs
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Installation of a pile at the correct location and orientation in the bridge structure 
can best be ensured by accurate setting of the pile prior to driving. Removal of near-
surface obstructions at the substructure location is sometimes necessary, and the use 
of a template and/or predrilled “starter” holes can be advantageous when precise 
positioning is required. If techniques such as predrilling or prejetting are employed, 
the pre-excavations should be carefully located.

Pile position is largely established when the pile is initially set. Attempts to correct 
the position or orientation once driving has commenced can overstress the pile in 
bending and cause immediate damage and/or damage once driving is resumed. The 
heads of piles, even in water, usually cannot be pulled into position without induc-
ing bending. When extensive jetting is used along the pile length in an attempt to 
reposition a pile, there is potential for weakening the soil and adversely affecting its 
interaction with the pile. Therefore, once driving has begun, it is nearly impossible to 
correct vertical or lateral pile misalignments without adverse consequences.

When a pile is driven out of alignment or position, it may be necessary to modify the 
pile cap to accommodate the pile. The design structural engineer must be consulted 
whenever the alignment or position of a pile exceeds the specified installation toler-
ance to determine what, if any, design modifications will be required.

A reference stake in the ground or a reference pile in the water can be offset from the 
proper pile location before the start of driving operations to aid in monitoring pile 
alignment during installation. These can also be used to determine pile drift from 
design location after completion of driving, thereby allowing the position of the 
remaining piles in the group to be adjusted as necessary.

Once the driving rig is properly stabilized, the driving leads and the pile itself must 
be properly aligned to the required pile orientation (vertical or battered) before driv-
ing begins. The alignment should be checked with a level for a vertical (plumb) pile. 
Batter piles should be set with an appropriate template and level. Once driving is 
underway, the hammer blow should be delivered axially along the pile, and excessive 
sway of the leads should be prevented. Fixed leads, which are often required by the 
specifications, are normally used to satisfy these two conditions. However, when a 
driving template is used offshore, leads that are not fixed may be required and other 
means must be used to maintain proper alignment during driving.

Pile support in the leads should be provided as needed for long piles. Batter piles 
should be adequately supported to reduce gravity-induced bending stresses. The 
use of rollers in the leads is one method of accomplishing this. Slender vertical piles 
may require similar guides at regular intervals to prevent buckling under the ham-
mer blow. The use of a telescoping extension in the leads may be required to prevent 
excessive bending and potential buckling of the pile below the leads, particularly 
when batter piles are involved.

After installation in water, a pile should be protected against excessive bending caused 
by wave action, currents, dead weight (batter piles only) and accidental impact. 
Staying and girding should be used until the pile is finally tied into the structure. 
Pile heads should be stayed to eliminate bending, particularly with batter piles. When 
driving in deep water, a batter pile may need to be stayed before it is released from 
the hammer.

20.8.7
Positioning and Alignment

20.8.7 Positioning and Alignment
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Specifications vary widely with respect to allowable driving tolerances. Division II of 
the AASHTO Standard Specifications (Art. 4.4.3.2) require that piles be driven within 
1⁄4 in. per ft from the vertical or the batter shown in the plans. Foundation piles 
should not be more than 1⁄4 of their diameter or 6 in. (whichever is greater) out of 
position as shown on the plans. For trestle bents, piles should be driven so that the cap 
can be placed in its proper position without inducing excessive stresses in the piles.

Several state highway departments specify more restrictive tolerances than those 
shown in the Standard Specifications. Location deviations in excess of the specified 
tolerances may require additional substructure design to account for the eccentrici-
ties, or additional piles may need to be driven. Any such corrective measures should 
be at the contractor’s expense.

Tolerances generally take into account the pile length and slenderness, whether it is 
plumb or battered, the degree of batter, and whether the pile is being driven on land 
or in the water. Proper final positioning must start with correct positioning at the 
beginning of driving. Although it is sometimes possible to “pull” a pile into position, 
it is seldom desirable to do so. The practice often imparts bending moments that can 
damage the pile.

 
Piles may be damaged during handling, transportation, storage or driving. The 
potential for damage to occur during handling, transportation, and storage of pre-
stressed piles is similar to that for other precast elements. This type of damage can 
usually be corrected or repaired using conventional repair methods (see PCI Report 
“Evaluation and Repair...” (2004)).

Damage that occurs during driving is unique to piles. The following sections discuss 
the types of damage that may occur.

 
Damage to prestressed concrete piles during driving can typically be classified as one 
or more of the following types (PCI Recommended Practice, 1993; ACI 543R-00, 
2000):

 • Compression damage at the pile head

 • Compression damage at the pile tip

 • Transverse cracking or breaking of the pile

 • Torsional cracking

 • Reflective/bending combination cracking

 • Longitudinal splitting of hollow piles

The best way to reduce the likelihood of damage to prestressed concrete piles during 
driving is to use good installation practices. Section 20.8.5 provides a list of recom-
mended driving practices to ensure that piles are installed in accordance with their 
intended function and with minimal damage to the pile.

Methods for repair of these types of damage are discussed in Section 20.8.8.2.

20.8.8.1
Damage During Driving

20.8.7.1
Driving Tolerances

20.8.8
Pile Damage

20.8.7.1 Driving Tolerances/20.8.8.1 Damage During Driving
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Spalling at the pile head during driving results from high compressive stress concen-
trations and the accompanying principal tensile stresses. This type of damage can be 
caused by the following:

•  High impact stresses due to insufficient pile cushioning material between the 
driving head and the pile head.

•  Eccentric hammer impact on edge of pile head due to the top surface of the pile 
not being square with the longitudinal axis of the pile or the hammer not being 
properly fitted/aligned with the pile head.

•  Impact on longitudinal reinforcement protruding from the pile head resulting 
in high stress concentrations in the concrete surrounding the reinforcement.

• Lack of adequate confinement reinforcement in the pile head.

•  Failure to chamfer the edges and corners of the pile, which may result in spal-
ling at these locations.

•  Fatigue failure of the concrete under an excessive number of hammer blows at 
a high stress level.

 
Spalling of the concrete at the tip of the pile can be caused by high driving resistance 
(Fig. 20.8.8.1.2-1). This may be the case when founding the pile in bedrock or some 
other type of highly resistant strata. When founding the piles in rock, the pile tip 
surface rarely bears evenly on the rock surface thus resulting in higher stress concen-
trations than the calculated average stress levels would indicate. Prolonged driving at 
high blow counts and high tip stress levels can also lead to concrete fatigue failure at 
the tip.

Under such conditions, overdriving of the pile and high ram velocities should be 
avoided. Like the pile head, the tip should be reinforced with adequate confinement 
reinforcement.

20.8.8.1.1
Compression Damage 

 at Head

20.8.8.1.2
Compression Damage at Tip

20.8.8.1.1 Compression Damage at Head/20.8.8.1.2 Compression Damage at Tip

Figure 20.8.8.1.2-1
Compression Damage  

at Pile Tip
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Transverse cracking of a pile due to reflected tensile stress is a complex phenomenon. 
This type of cracking is indicated by the presence of parallel cracks, often initiated 
at points of discontinuity (i.e., lifting loops, inserts, honeycombs, etc.), perpendicu-
lar to the longitudinal axis of the pile. Repeated driving once cracking has initiated 
produces puffs of concrete dust and can result in spalling and widening of the cracks, 
possibly followed by localized fatigue of the concrete and brittle fracture of the pre-
stressing tendons.

Transverse tension cracking normally occurs in the upper third of the pile but can 
occur at mid-length or in the lower end of the pile. It usually occurs in longer piles 
(greater than 50 ft). It most often occurs when the tip resistance is low during driv-
ing, such as driving in soft soils or when jetting or predrilling has reduced the soil 
resistance at the tip. It can also occur, however, when light hammers are used in com-
bination with extremely hard tip resistance, such as when driving in solid rock.

The detailed behavior of concrete piles undergoing transverse cracking and the 
mechanics of stress wave travel is not addressed here, but appropriate preventive mea-
sures described in Section 20.8.5, “Recommended Driving Practices,” may include:

 •  Provide sufficient cushioning material between the drive head and concrete 
pile

 •  Use a heavier hammer and a reduced ram velocity to obtain the required driving 
energy, particularly when driving long piles in soft soils or when founding piles 
into rock

Anderson (1971) contains a more comprehensive study of dynamic driving stresses.

 
Diagonal tensile stresses resulting from a twisting moment applied to the pile can 
cause pile failure, generally appearing as either spiral or transverse cracking. If reflect-
ed tensile stresses occur simultaneously during driving with diagonal tensile stresses 
due to torque, the situation can be worse. Torsion on the pile during driving can be 
caused by:

 •  The drive head fitting too tightly on the pile, thereby preventing it from rotat-
ing slightly as necessary during driving

 • Excessive restraint of the pile in the leads or rotation of the leads

 
As stated in Section 20.8.7, high flexural stresses can develop during driving of a 
crooked or misaligned pile. Flexural tensile stresses on one side of the pile com-
bine with reflective tensile stresses to accelerate the transverse cracking described in  
Section 20.8.8.1.3. Bending stresses during driving can be caused by:

 •  A pile that is not straight or has sweep due to uneven prestress, poor manufac-
turing or improper storage

 •  Attempting to drive a pile that has not been properly aligned or has shifted dur-
ing driving

 •  The pile tip coming into contact with a boulder or other subsurface obstruction 
during driving

20.8.8.1.4
Torsional Cracking

20.8.8.1.5
Reflective/Bending Stress 

Combination Cracking

20.8.8.1.3
Transverse Cracking

20.8.8.1.3 Transverse Cracking/20.8.8.1.5 Reflective/Bending Stress Combination Cracking
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Hollow piles, with either open-ended or sealed voids are subjected to transverse 
bursting stresses during driving. Therefore special measures must be taken to avoid 
splitting during installation.

There are several potential causes for splitting in hollow piles with enclosed voids. 
Closed-end hollow piles must be vented to avoid the potential build up of gas pres-
sure from the increase in concrete temperature during curing and from the decom-
position of materials used to form the void. The use of internal jets in hollow piles 
can also burst the pile if the jet pipe breaks or a joint leaks during installation, either 
from high jet pressures or from water hammer effects. If internal jetting must be used, 
it may be preferable to switch to a pile with a solid cross-section at that particular 
foundation location.

When hollow piles with open voids are driven, potentially damaging bursting stresses 
can occur due to water hammer effects if the pile void fills with water or fluid mate-
rial during driving. This can happen with piles driven below water or in extremely 
soft, semi-fluid soils. The fluid pressure can build up to the point where the pile splits 
longitudinally as the bursting capacity of the member is exceeded. It is therefore rec-
ommended that vents be used and that fluid be removed by cleaning and pumping 
during installation. It is sometimes necessary to aerate the water inside the pile when 
driving occurs in water foundations. “Breakaway” diaphragm plugs have also been 
used successfully to prevent the intrusion of water and mud during early driving.

When open-ended piles are driven in sands, a plug can form and exert an internal 
bursting force on the pile shell wall. The risk of this type of damage can usually be 
minimized by providing adequate confining reinforcement, particularly in the tip, 
or plug-forming region, of the member. It may also be possible to break up the plug 
with a low-pressure jet during driving. Solid driving tips may eliminate some of the 
problems with soil or fluid pressures, but their use is not always compatible with 
other installation requirements.

As a general rule, the use of adequate venting in hollow piles is extremely important. 
Venting at the top of the pile will prevent a potential long-term buildup of internal 
gas pressures. Vents at these locations are also less likely to plug during installation 
and provide an avenue for pressure release as soil, mud and water are pushed up the 
pile during driving.

Freezing of free water inside the pile cavity can also cause pile breakage. For piles in 
freezing climates, the pile void should be filled with free draining material and vents 
should be provided at the groundwater line. If the piles are standing in open water, a 
concrete plug should be placed from the lowest freeze depth to above the high-water 
level. Drain holes should be located just above the surface of the plug (ACI 543R-00, 
2000). Alternatively, the entire pile can be filled with concrete.

 
Piles damaged during handling or driving can often be repaired, provided the damage 
is not excessive and subject to the provisions of the project specifications. Piles that 
cannot be repaired may need to be extracted, have a second pile driven next to the 
damaged pile or require that the top portion of the pile from just below the damage 
area be removed and replaced with a spliced pile segment or build-up. If the pile 
is to be repaired and remain in place, the above-ground length should be carefully 
inspected and the remainder of the pile tested to ensure the overall integrity of the 

20.8.8.2
Repair of Damaged Piles

20.8.8.1.6
Splitting in Hollow Piles

20.8.8.1.6 Splitting in Hollow Piles/20.8.8.2 Repair of Damaged Piles
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pile. Repair methods should take into account whether the pile requires additional 
driving once the repair is made.

 
When the head of a pile is damaged during handling, the broken concrete should 
be removed, the surface cleaned and roughened, and a patch applied. The hardened 
properties of the patch material must be compatible with the pile concrete. Special 
care must also be taken to ensure proper consolidation of the patch material to 
eliminate air voids. The patch should be allowed to cure completely before driving. 
Patching compounds and repair methods should be in accordance with the project 
specifications.

When spalling occurs at the pile head during driving to the extent that driving must 
be discontinued, it is often possible to cut off the pile head at a point just below the 
damage and resume driving. Cutting of the pile must be done in such a manner to 
provide a square, flat end at the top of the pile. To reduce the likelihood of further 
damage once driving is resumed, care should be taken to provide thicker than normal 
pile cushioning, particularly when a significant portion of the closely spaced confine-
ment reinforcement in the head has been cut off.

 
Cracks can be repaired, if necessary, by epoxy injection methods. The PCI Recommended 
Practice (1993) report suggests that cracks wider than 0.007 in. be injected, but the 
governing specifications should be consulted for a particular project.

 
Piles are sometimes pulled for inspection when damage is thought to have occurred 
during driving. They may also be extracted for other reasons, such as when they have 
been driven in the wrong location or when an existing structure on pile foundations 
is to be replaced by a new structure. Prestressed concrete piles can be extracted by 
direct pulling, jetting, vibrating, excavating, jacking or by a combination of these 
means. For piles developing their primary capacity from side friction in cohesive 
soils, re-striking the pile just prior to extraction may loosen the pile by breaking the 
friction, or set-up, at the pile-soil interface. Double acting hammers can be inverted 
and attached to the pile along with a hoisting device, such as a crane. The hammer 
impacts loosen and pull the pile while the crane provides a constant lifting force to 
hoist it out of the hole.

Extraction often introduces bending and axial tension stresses, which may cause 
cracking in the pile. If a pile is to be re-used after pulling, extraction methods which 
minimize these stresses should be used. Before an extracted pile is re-used, it should 
be carefully inspected and its condition assessed.

20.8.8.2.1
Concrete Spalling at Head

20.8.8.2.2
Cracking

20.8.9
Extraction

20.8.8.2 Repair of Damaged Piles/20.8.9 Extraction
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The following design examples are performed using the LRFD Specifications. 
Computations based on the Standard Specifications would be similar. The seis-
mic design of spiral reinforcement using the PCI recommendations presented in  
Section 20.5.4.2.5 are provided in Example 1 for comparison purposes.

 
This example demonstrates the design of spirals in piles used to support bridge piers 
in a coastal area. The spiral is designed for both non-seismic and seismic conditions. 
The example illustrates the contrast in spiral requirements between piles in a high 
seismic risk area (LRFD Seismic Zones 3 and 4), a low to moderate seismic risk area 
(LRFD Seismic Zone 2) and a typical, non-seismic application. It also illustrates dif-
ferences in confinement reinforcement requirements between octagonal and square 
piles and between square piles with circular and square confinement patterns within 
the same (high) seismic risk area.

Only the basic requirements for spirals are considered in this example. Supplemental 
computations to verify shear or other transverse reinforcement requirements have not 
been included.

Given:

Piles are 70 ft long

Minimum concrete cover over spiral is 2 in.

Axial service loads per pile are:

PDC = dead load = 200 kips

PLL = live load = 100 kips

PEQ = earthquake load = 50 kips

PS = total service load = 350 kips

Axial factored load per pile is:

Pu = γp PDC + γEQ PLL + 1.0 PEQ [LRFD Tables 3.4.1-1 & 2]

 = 1.25(200) + 0.5(100) + 1.0(50)

 = 350 kips

f ć = 6.0 ksi

fyh = yield strength of ASTM A82 spiral

 = 70 ksi [permitted by LRFD Art. 5.4.3.1]

fpc = effective prestress on concrete after losses

 = 0.700 ksi

 
Use a 24-in. solid octagonal pile.

Ag = gross area of pile

 = 477 in.2

dc = diameter of core measured to outside of spiral

 = 24 – 2(2) = 20 in.

Ac = core area

 = 
p(dc)

2

4
 = 

p(20)2

4
 = 314 in.2

20.9
DESIGN EXAMPLES

20.9.1
Example 1:  

Spiral Reinforcement

20.9.1.1
Spiral Reinforcement for  

No Seismic Risk (Non-Seismic; 
Seismic Zone 1)

20.9 Design Examples/20.9.1.1 Sprial Reinforcement for No Seismic Risk (Non-Seismic; Seismic Zone 1)



Chapter 20

PRESTRESSED PRECAST CONCRETE PILING
PCI brIdge desIgn manual

sePt 04

Since the pile size is not greater than 24 in., LRFD Article 5.13.4.4.3 specifies the 
use of W3.9 wire spiral. Although the article cited specifies a W3.9 designation, this 
appears to be a typographical error. The use of W3.4 is therefore recommended and 
is shown in Figure 20.5.4.1-1. No further design is required for the spiral, but the 
volumetric ratio of spiral is calculated for comparison purposes as:

ρs = ratio of spiral volume to concrete core volume [LRFD Art. 5.3]

 = 
4Asp

dcs
 = 

4(0.034)

20(6)
 = 0.0011

 
Use a 24-in. solid octagonal pile (pile properties are as calculated in Sect. 20.9.1.1).

Minimum Spiral Requirements: [LRFD Art. 5.10.11.3]

1) ρs ≥ 0.12 
f ć

fyh

 = 0.12 
6

70
 = 0.010 [LRFD Eq. 5.10.11.4.1d-1]

2) ρs ≥ 0.45 
Ag

Ac

 – 1  
f ć

fyh

 [LRFD Eq. 5.7.4.6-1]

 = 0.45 
477

314
 – 1  

6

70
 = 0.020     (Controls)

Therefore, solving for the required area of spiral per length of pile, Asp:
Asp

s
 = 

ρsdc

4
 = 

0.020(20)

4
 = 0.100 in.2/ in. of pile

Assuming pitch = 2 in.,

Asp = 0.100(2) = 0.20 in.2

Provide W20 spiral @ 2 in. pitch in ductile region.

 
Minimum Spiral Requirements: (Sect. 20.5.4.2.5.1)

1) ρs ≥ 0.12 
f ć

fyh

 0.5 + 1.4 
Pu + fpcAg

f ćAg

 (Eq. 20.5.4.2.5.1-1)

  = 0.12 
6

70
 0.5 + 1.4 

350 + 0.700(477)

6.0(477)
 = 0.0086     (Controls)

2) ρs ≥ 0.007 (Sect. 20.5.4.2.5.1)

Therefore, solving for the required area of spiral per length of pile using:
Asp

s
 = 

ρsdc

4
 = 

0.0086(20)

4
 = 0.043 in.2/ in. of pile

Assuming pitch = 3 in.,  [maximum pitch from LRFD Art. 5.13.4.6.2c & d]

Asp = 0.043(3) = 0.129 in.2

Provide W14 spiral (Asp = 0.14 in.2) @ 3 in. pitch in ductile region.

20.9.1.2
Spiral Reinforcement for  

Low to Moderate Seismic Risk 
Areas (Seismic Zone 2)

20.9.1.2.1
Design by  

LRFD Specifications

20.9.1.2.2
Design by  

PCI Recommendations

20.9.1.1 Sprial Reinforcement for No Seismic Risk  (Non-Seismic; Seismic Zone 1) 
20.9.1.2.2 Design by PCI Recommendations
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This example demonstrates the potentially significant difference between confine-
ment reinforcement designed to maintain the axial compression capacity of the pile 
(LRFD Specifications) and that required for lateral ductility (PCI recommendation). 
In this case, the area of spiral required by the PCI recommendation is only 43% 
of the area required by the LRFD Specifications. This significant reduction in the 
required area of confinement reinforcement will improve the economy of the pile and 
will also simplify fabrication by reducing congestion.

 
Use a 24-in. solid octagonal pile (pile properties are as calculated in Sect. 20.9.1.1).

Minimum Spiral Requirements: [LRFD Art. 5.10.11.4.1d]

(Same as for Seismic Zone 2 – see Sect. 20.9.1.2.1)

ρs ≥ 0.020      (Controls)

Therefore, solving for the required area of spiral per length of pile:

Asp/s = 0.100 in.2/ in. of pile

Assuming pitch = 2 in.,

Asp = 0.100(2)2 = 0.20 in.2

Provide W20 spiral @ 2 in. pitch in ductile region.

 
Minimum Spiral Requirements: (Sect. 20.5.4.2.5.2)

1) ρs ≥ 0.45 
f ć

fyh

 
Ag

Ac

 – 1  0.5 + 1.4 
Pu + fpcAg

f ćAg

 (Eq. 20.5.4.2.5.2-1)

 = 0.45 
6

70
 

477

314
 – 1  0.5 + 1.4 

350 + 0.700(477)

6.0(477)
 = 0.0167  

   (Controls)

2) ρs ≥ 0.12 
f ć

fyh

 0.5 + 1.4 
Pu + fpcAg

f ćAg

 (Eq. 20.5.4.2.5.2-2)

 = 0.12 
6

70
 0.5 + 1.4 

350 + 0.700(477)

6.0(477)
 = 0.0086

3) ρs ≥ 0.007 (Eq. 20.5.4.2.5.2-3)

Therefore, solving for the required area of spiral per length of pile:
Asp

s
 = 

ρsdc

4
 = 

0.0167(20)

4
 = 0.084 in.2/ in. of pile

Assuming pitch = 2 in., 

Asp = 0.084(2) = 0.168 in.2

Provide W18 spiral (Asp = 0.180 in.2) @ 2 in. pitch in ductile region.

20.9.1.2.3
 Comparison of Spiral 

Requirements

20.9.1.3
Spiral Reinforcement for High 

Seismic Risk Areas (Seismic 
Zones 3 and 4)

20.9.1.3.1
Design by  

LRFD Specifications

20.9.1.3.2
Design by  

PCI Recommendations

20.9.1.2.3 Comparison of Sprial Requirements/20.9.1.3.2 Design by PCI Recommendations
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Use a 24-in. solid square pile.

Given:

Ag = gross area of pile = 576 in.2

Cover = 2 in. (to confining reinforcement)

dc = diameter of core measured to outside of circular spiral

 = 24 – 2(2) = 20 in.

hc = diameter of core measured to outside of square hoop

 = 24 – 2(2) = 20 in.

Acc = circular core area (for circular strand pattern with circular spiral)

 = 
p(dc)

2

4
 = 

p(20)2

4
 = 314 in.2

Acs = square core area (for square strand pattern with square wire wrap)

 = (hc)
2 = (20)2 = 400 in.2

(Note: Remaining values are the same as for octagonal pile)

 
Circular Pattern – Minimum Spiral Requirements: [LRFD Art. 5.10.11.4.1d]

1) ρs ≥ 0.12 
f ć

fyh

 = 0.12 
6

70
 = 0.010 [LRFD Eq. 5.10.11.4.1d-1]

2) ρs ≥ 0.45 
Ag

Acc

 – 1  
f ć

fyh

 [LRFD Eq. 5.7.4.6-1]

 = 0.45 
576

314
 – 1  

6

70
 = 0.032     (Controls)

Therefore, solving for the required area of spiral per length of pile:
Asp

s
 = 

ρsdc

4
 = 

0.032(20)

4
 = 0.160 in.2/ in. of pile

Assuming pitch = 2 in.,

Asp = 0.160(2) = 0.32 in.2

Provide #5 (W31) spiral @ 2 in. pitch in ductile region  
(Approximately = 0.32 in.2, say OK)

 
Square Pattern – Minimum Square Hoop Requirements: [LRFD Art. 5.10.11.4.1d]

Assuming pitch = 2 in.,

1) Ash ≥ 0.30shc
f ć

fyh

 
Ag

Acs

 – 1   [LRFD Eq. 5.10.11.4.1d-2]

 = 0.30(2)(20) 
6

70
 

576

400
 – 1  = 0.45 in.2     (Controls)

20.9.1.4
 Comparative Reinforcement 
for High Seismic Risk Areas 

(Seismic Zones 3 and 4)

20.9.1.4.1
Design by  

LRFD Specifications

20.9.1.4 Comparative Reinforcement for High Seismic Risk Areas (Seismic Zones 3 and 4) 
20.9.1.4.1 Design by LRFD Specifications



Chapter 20

PRESTRESSED PRECAST CONCRETE PILING
PCI brIdge desIgn manual

sePt 04

2) Ash ≥ 0.12shc
f ć

fyh

 = 0.12(2)(20) 
6

70
 = 0. 41 in.2 [LRFD Eq. 5.10.11.4.1d-3]

Provide W24 continuous wrap (Ash = 2 x 0.24 = 0.48 in.2) @ 2 in. pitch in 
ductile region.

 
Circular Pattern – Minimum Spiral Requirements: (Sect. 20.5.4.2.5.2)

1) ρs ≥ 0.45 
f ć

fyh

 
Ag

Acc

 – 1  0.5 + 1.4 
Pu + fpcAg

f ćAg

  (Eq. 20.5.4.2.5.2-1)

 = 0.45 
6

70
 

576

314
 – 1  0.5 + 1.4 

350 + 0.700(576)

6.0(576)
 = 0.0260 

   (Controls)

2) ρs ≥ 0.12 
f ć

fyh

 0.5 + 1.4 
Pu + fpcAg

f ćAg

  (Eq. 20.5.4.2.5.2-2)

 = 0.12 
6

70
 0.5 + 1.4 

350 + 0.700(576)

6.0(576)
 = 0.0083

3) ρs ≥ 0.007 (Eq. 20.5.4.2.5.2-3)

Therefore, solving for the required area of spiral per length of pile:
Asp

s
 = 

ρsdc

4
 = 

0.0259(20)

4
 = 0.130 in.2/ in. of pile

Assuming pitch = 2 in., 

Asp = 0.130(2) = 0.260 in.2

Provide W26 spiral @ 2 in. pitch in ductile region.

 
Square Pattern – Minimum Square Hoop Requirements: (Sect. 20.5.4.2.5.2)

Assuming pitch = 2 in.,

1) Ash ≥ 0.30shc 
f ć

fyh

 
Ag

Acs

 – 1  0.5 + 1.4 
Pu + fpcAg

f ćAg

  (Eq. 20.5.4.2.5.2-4)

 = 0.30(2)(20) 
6

70
 

576

400
 – 1  0.5 + 1.4 

350 + 0.700(576)

6.0(576)
 = 0.36 in.2  

   (Controls)

2) Ash ≥ 0.12shc 
f ć

fyh

 0.5 + 1.4 
Pu + fpcAg

f ćAg

 (Eq. 20.5.4.2.5.2-5)

 = 0.12(2)(20) 
6

70
 0.5 + 1.4 

350 + 0.700(576)

6.0(576)
 = 0.33 in.2

3) Ash ≥ 0.007shc = 0.007(2)(20) = 0.28 in.2 (Eq. 20.5.4.2.5.2-6)

Provide W20 continuous tie (Ash = 2 x 0.20 = 0.40 in.2) @ 2 in. pitch in ductile 
region.

20.9.1.4.2
Design by  

PCI Recommendations

20.9.1.4.1 Design by LRFD Specifications/20.9.1.4.2 Design by PCI Recommendations
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Ductile Regions:

The ductile regions for Seismic Zones 3 and 4 (Sections 20.9.1.3 and 20.9.1.4) 
are shown in Figure 20.9.1.5-1 for both a pile footing and a pile bent. However, 
the heavier spiral/tie requirements for the ductile regions should extend beyond 
those shown to account for potential variability in the pile tip elevations.

The ductile regions in a pile bent for Seismic Zone 2 (Sect. 20.9.1.2) are identical 
to those shown for Seismic Zones 3 and 4 in Figure 20.9.1.5-1. For a pile footing, 
the top ductile region only extends 1.5 pile diameters (3’-0”) below the bottom 
of footing, and there is no requirement for special reinforcement in the “potential 
ductile region” below the mudline. However, the designer should assess whether 
additional reinforcement in the latter region might not still be recommended.

Other Than Ductile Regions:

The remaining regions of the pile should have confinement reinforcement meet-
ing the requirements of LRFD Article 5.13.4.6.3e, namely # 3 spirals or ties at a 
maximum spacing of 9 in.

20.9.1.5
Confinement Zones

20.9.1.5 Confinement Zones

du
ct

ile
re

gi
on

Po
te

nt
ia

l *

Mudline
EL. –12.0

Moment in PilePile Footing Pile Bent

EL. 0.0

2'
-0

"
6'

-0
"

24" 
Prestressed pile 

D
uc

ti
le

 r
eg

io
n*

*

24" 
Prestressed pile

ductile*
region

4'-0"

EL. –7.0

* LRFD Article 5.13.4.6.3b
** LRFD Article 5.10.11.4.1e

4'-0"
ductile*
region

Mudline
EL. –12.0

Maximum moment
below mudline

Maximum moment
@ pile head

Figure 20.9.1.5-1
Ductile Regions in 24" 

Prestressed Pile  
(Seismic Zones 3 & 4)



Chapter 20

PRESTRESSED PRECAST CONCRETE PILING
PCI brIdge desIgn manual

sePt 04

Given:

Service Loads and Pile Capacity:

PDL = dead load = 80 kips

PLL = live load = 30 kips

PS = PDL + PLL = 80 + 30 = 110 kips = 55 tons

Pp =  Service load capacity of pile (from geotechnical analysis)  
= 120 kips = 60 tons

14-in. Square Prestressed Concrete Pile.

f ć = 5.00 ksi

f ći = 3.50 ksi

wc = 0.150 kcf (normal weight concrete)

H = relative humidity = 75% [LRFD Fig. 5.4.2.3.3-1]

Properties of 14-in. square pile:

Ag = 196 in.2

I = 3201 in.4

S = 457 in.3

Strand pattern and properties:

Assume (8) 1⁄2-in.-dia, low-relaxation, Grade 270 (fpu = 270 ksi) strands.

Strands are tensioned to 75% of the tensile strength of the strands:

fpj = initial stress in strands before any losses [LRFD Table 5.9.3-1]

 = 0.75fpu = 0.75(270) = 202.5 ksi

Aps = area of one strand = 0.153 in.2

Fpj = total prestress force in strands before any losses

 = 8(0.153)(202.5) = 247.9 kips

Yield strength of strands:

fpy = 0.90fpu = 0.90(270) = 243.0 ksi [LRFD Table 5.4.4.1-1]

 
Losses are computed in accordance with the LRFD Specifications, with modifications 
noted in Section 20.5.5.2 of this Manual.

 
For concrete @ transfer,

Eci = 33,000(wc)
1.5 f ći  [LRFD Eq. 5.4.2.4-1]

 = 33,000(0.150)1.5 3.50  = 3,587 ksi

For Strand:

Ep = 28,500 ksi [LRFD Art. 5.4.4.2]

t = time from tensioning strand to transfer

 = 18 hrs = 0.75 days

20.9.2
Example 2:  

Axially Loaded, Pile-
Supported Abutment with 

Full Lateral Soil Support

20.9.2.1
Losses and Stresses  

at Transfer

20.9.2.1.1
Loss Due to Steel Relaxation 

Prior to Transfer, ΔfpR1

20.9.2 Example 2: Axially Loaded, Pile-Supported Abutment with Full Lateral Soil Support 
20.9.2.1.1 Loss Due to Steel Relaxation Prior to Transfer, ΔfpR1
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ΔfpR1 = 
log(24.0t)

40
 

fpj

fpy

 – 0.55  fpj [LRFD Eq. 5.9.5.4.4b-2]

 = stress in strands at time t, in ksi

 = 
log(24.0(0.75))

40
 

202.5

243
 – 0.55  202.5 = 1.801 ksi     Say 1.8 ksi

 ΔfpES = 
Ep

Eci

 fcgp [LRFD Eq. 5.9.5.2.3a-1]

Calculate fcgp by assuming the stress in strands immediately after transfer is 0.70fpu 
[LRFD Art. 5.9.5.2.3a]. Therefore, the assumed loss, Δf ṕES, is:

Δf ṕES = fpj – Δf ṕR1 – 0.70fpu

 = 202.5 – 1.801 – 189.0 = 11.7 ksi

fcgp = 0.70fpu (8) 
Aps

Ag

 = 0.70(270)(8) 
0.153

196
 = 1.180 ksi

ΔfpES = 
Ep

Eci

 fcgp = 
28,500

3,587
 1.180 = 9.378 ksi   Say 9.4 ksi < 11.7 ksi  Say OK

Losses at transfer = ΔfpR1 + ΔfpES = 1.8 + 9.4 = 11.2 ksi

fpo  = effective prestress in strands immediately after transfer

  = 202.5 – 11.2 = 191.3 ksi

Fpo  = total effective prestress force in strands immediately after transfer

  = 8(0.153)(191.3) = 234.2 kips

fpco  = effective prestress in concrete at transfer

  = 
Fpo

Ag

 = 
234.2

196
 = 1.195 ksi

ΔfpSR = 17.0 – 0.150H  [LRFD Eq. 5.9.5.4.2-1]

  = 17.0 – 0.150(75) = 5.750 ksi   Say 5.8 ksi

ΔfpCR = 12fcgp – 7Δfcdp ≥ 0 [LRFD Eq. 5.9.5.4.3-1]

Δfcdp = 
PDL

Ag

 = 
80

196
 = – 0.408 ksi

ΔfpCR = 12(1.180) – 7(– 0.408) = 17.016 ksi   Say 17.0 ksi

20.9.2.1.2
Loss Due to Elastic Shortening, 

ΔfpES

20.9.2.1.3
Losses and Effective Stresses

20.9.2.2
Final Losses and Stresses

20.9.2.2.1
Loss Due to Shrinkage, ΔfpSR

20.9.2.2.2
Loss Due to Concrete  

Creep, ΔfpCR

20.9.2.1.1 Loss Due to Steel Relaxation Prior to Transfer, ΔfpR1/20.9.2.2.2 Loss Due to Concrete Creep, ΔfpCR
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ΔfpR2 = 0.3[20.0 – 0.4ΔfpES – 0.2(ΔfpSR + ΔfpCR)] [LRFD Art. 5.9.5.4.4c-1]

  = 0.3[20.0 – 0.4(9.4) – 0.2(5.8 + 17.0)] = 3.504 ksi   Say 3.5 ksi

ΔfpT = total loss = ΔfpES + ΔfpSR + ΔfpCR + ΔfpR2  [LRFD Eq. 5.9.5.1-1]

  = 9.4 + 5.8 + 17.0 + 3.5 = 35.7 ksi

fpe  = effective prestress in strands = fpj – ΔfpT

  = 202.5 – 35.7 = 166.8 ksi

Fpe  = effective prestress force in strands = 166.8(8)(0.153) = 204.2 kips

fpc  = effective prestress in concrete = 
196

204.2
 = 1.042 ksi

fpc  = 1.042 ksi > 0.7 ksi      OK [LRFD Art. 5.13.4.4.3]

Since the pile is loaded in compression only (i.e., no bending) and is fully supported, 
only compressive stresses due to dead and live loads will be considered. These stresses 
will be added to the effective prestress in the concrete to obtain the total compressive 
stress in the pile at service load.

Allowable service load stresses in compression:  [LRFD Art. 5.9.4.2.1]

fc1 = 0.60f ć = 0.60(5.0) = 3.000 ksi All Loads

fc2 = 0.45f ć = 0.45(5.0) = 2.250 ksi Dead Load + Effective Prestress

fc3 = 0.40f ć = 0.40(5.0) = 2.000 ksi  1⁄2 Dead Load + 1⁄2 Effective 
Prestress + Live Load

Stress Under All Loads:

fc = fpc + fDL + fLL = fpc + 
PDL + PLL

Ag

 = 1.042 + 
80 + 30

196
 = 1.042 + 0.561 = 1.603 ksi < fc1 = 3.000 ksi     OK

Dead Load+ Effective Prestress:

fc = fDL + fpc = 
PDL

Ag

 + fpc

 = 
80

196
 + 1.042 = 0.408 + 1.042 = 1.450 ksi < fc2 = 2.250 ksi     OK

20.9.2.2.4
Losses and Effective Stresses

20.9.2.2.3
Loss Due to Final Steel 

Relaxation, ΔfpR2

20.9.2.3
Check Effective Prestress  

in Concrete

20.9.2.4
Check Allowable Concrete 

Stress at Service Loads

20.9.2.2.3 Loss Due to Final Steel Relaxation Prior to Transfer, ΔfpR2 
20.9.2.4 Check Allowable Concrete Stress at Service Loads
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1⁄2 Dead Load + 1⁄2 Effective Prestress + Live Load:

fc = 0.5fDL + 0.5fpc + fLL = 
0.5PDL

Ag

 + 0.5fpc + 
PLL

Ag

 = 
0.5(80)

Ag

 + 0.5(1.042) + 
30

196
 = 0.204 + 0.521 + 0.153

 = 0.878 ksi < fc3 = 2.000 ksi     OK

 
This check is performed using an equation from the Standard Specifications because a 
similar service load check is not provided in the LRFD Specifications.

Pa = allowable axial load

 = (0.33f ć – 0.27fpc) Ag [STD Art. 4.5.7.3]

 = [0.33(5.0) – 0.27(1.042)]196 = 268.2 kips = 134 tons

PS = 55 tons < Pa = 134 tons     OK

This is a typical situation where the pile capacity is limited by the geotechnical capac-
ity of the soil. The total service load is well below the structural capacity of the pile.

 
Both of the following maximum longitudinal reinforcement requirements must be 
satisfied:

1) 
As

Ag

 + 
Apsfpu

Agfy

 ≤ 0.08 [LRFD Eq. 5.7.4.2-1]

The intent of fy in the denominator is not clear for a prestressed pile. Therefore, 
fy = 60 ksi will be used,

 = 
0

196
 + 

8(0.153)(270)

196(60)
 = 0.028 < 0.08     OK

2) 
Apsfpe

Agf ć

 ≤ 0.30 [LRFD Eq. 5.7.4.2-2]

 = 
8(0.153)(166.8)

196(5)
 = 0.208 < 0.30     OK

The following minimum longitudinal reinforcement requirement must be satisfied:

Asfy

Agf ć

 + 
Apsfpu

Agf ć

 ≥ 0.135 [LRFD Eq. 5.7.4.2-3]

= 
0(60)

196(5)
 + 

8(0.153)(270)

196(5)
 = 0.337 ≥ 0.135     OK

Pu = 1.25PDL + 1.75PLL = 1.25(80) + 1.75(30) = 152.5 kips

Because there is no applied moment and the pile is fully supported, the maximum 
axial capacity is determined according to LRFD Article 5.7.4.4. Assuming a square 
tie configuration, use f = 0.75.

20.9.2.5
Check Allowable  

Pile Capacity for Fully 
Supported Condition

20.9.2.6
Check Longitudinal 

Reinforcement Limits

20.9.2.7
Design by Ultimate  

Strength Method

20.9.2.4 Check Allowable Concrete Stress at Service Loads/20.9.2.7 Design by Ultimate Strength Method
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Pr = fPn = f0.80[0.85f ć (Ag – Ast – Aps) + fyAst + (fpse – Δfps) Aps] (Eq. 20.5.6.3-1)

 = f0.75[0.85(5.0)(196 – 0 – (8(0.1530))) + 0 + (166.8 – 85)(8(0.153))]

 = 556.8 kips > Pu = 152.2 kips     OK 

 
Refer to the design example in Section 20.9.1 for determination of spiral confine-
ment reinforcement requirements.

 
A multi-pile foundation is being used to support a bridge pier in a shallow riverbed. 
The footing is rotationally stiff compared to the individual piles, and the pile-to-
footing connection is capable of developing the moment capacity of the 18 in. solid 
square piles being used. The bottom of pile cap is at elevation – 2, the top of ground 
elevation is at – 17 and the 100-year scour elevation, EL100, is at – 22. From available 
geotechnical data, the piles are assumed fixed at an elevation of – 32 for the 100-year 
scour event. Check the moment and shear capacities of the pile for Strength Limit 
State V using the LRFD Specifications.

Given:

Bearing Capacity of Pile:

Pp  = Service load capacity of pile from geotechnical analysis  
= 200 kips = 100 tons

Pile Design Loads:

Axial:

PDL = dead load = 145 kips

PLL = live load = 46 kips

(Note: Dynamic load allowance, i.e., impact, is neglected for this example)

Pu = total factored load

 = γD PDL + 1.35 PLL [LRFD Tables 3.4.1-1 & 2]

 = 1.25(145) + 1.35(46) = 243 kips 
  (assumes compression governs)

Shear:

Vu = 13 kips

Moment at Top of Pile:

MDL = dead load = 87 ft-kips

MLL = live load = 37 ft-kips

MWS = wind load = 53 ft-kips

Mu = γD MDL + 1.35 MLL + 0.4 MWS [LRFD Tables 3.4.1-1 & 2]

 = 1.25(87) + 1.35(37) + 0.4(53) = 180 ft-kips      
  (assumes compression governs)

Moment at Pile Point of Fixity (due to gravity loads):

M1b = 92.4 ft-kips     (Given)

Properties of 18-in. square pile: [Appendix B]

Ag = 324 in.2

I = 8748 in.4

20.9.2.8
Confinement Reinforcement

20.9.3
Example 3:  

Strength Design of 
Laterally Loaded Pile with 

Slenderness Effects

20.9.2.7 Design by Ultimate Strength Method 
20.9.3 Example 3: Strength Design of Laterally Loaded Pile with Slenderness Effects
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S = 972 in.3

r = radius of gyration

 = 5.20 in.

Concrete Properties:

f ć = 8.00 ksi

Ec = 33,000(wc)
1.5 [LRFD Eq. 5.4.2.4-1]

 = 33,000(150)1.5 8.0  = 5,422 ksi

wc = 0.150 kcf (normal weight concrete)

Cover = 2.25 in. (to strand)

Prestressing strand pattern and properties:

Assume (16) 1⁄2-in.-dia low-relaxation Grade 270 (fpu = 270 ksi) strands in a 
circular pattern.

Assume effective prestress in strand, fpe = 161 ksi (see Sect. 20.9.2 for exam-
ple illustrating computation of effective prestress in strands).

Fpe = effective prestress force in strands

 = 161(16)(0.153) = 394 kips

fpc = effective precompression in concrete

 = 
Fpe

Ag

 = 
394

324
 = 1.216 ksi

Yield strength of strands:

fpy = 0.90fpu = 0.90(270) = 243.0 ksi [LRFD Table 5.4.4.1-1]

 
lu  = la + lPOF  (Eq. 20.5.6.6.2-1)

 = [(–2) – (–22)] + [(–22) – (–32)] = 20 + 10 = 30 ft = 360 in.

 
Verify whether approximate method of analysis can be used to account for secondary 
effects and long-term creep deformations.

As previously stated, the pile is restrained by a stiff cap at the top and at a calculated 
point of fixity in the soil at its base. The pile head is not restrained against transla-
tion so the effective length factor, k, can be estimated from Case (c) in LRFD Figure 
C4.6.2.5-1.

k = 1.2  [LRFD Table C4.6.2.5-1]

h´

r
 = 

l

r

 = 
5.20 

 = 83

Unbraced column: 22 < 
klu

r
 < 100     Therefore, use approximate method.  

    [LRFD Art. 5.7.4.3]

20.9.3.1
Effective Length of Pile

20.9.3.2
Column Design Using LRFD 

Approximate Methods

20.9.3 Example 3: Strength Design of Laterally Loaded Pile with Slenderness Effects 
20.9.3.2 Column Design Using LRFD Approximate Methods
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The value of EI to be used in calculating Pe will be the greater of the following two 
equations:

EI  = 
EcIg

5
 – EsIs  

1

1 + βd

 [LRFD Eq. 5.7.4.3-1]

 = 
5422(8748)

5
 – 28500(78)  

1

1 + 0.60
 = 7,318,332 k-in.2

EI  = 
EcIg

2.5
 

1

1 + βd

 [LRFD Eq. 5.7.4.3-2]

 = 
5422(8748)

2.5
 

1

1 + 0.60
 = 11,857,914 k-in.2     (Controls)

βd = ratio of factored permanent moment to factored total moment 
    [LRFD Art. 5.7.4.3]

 = 
1.25(87)

180
 = 0.60

 
The magnification factors for braced and unbraced columns must be calculated to 
determine the total magnified factored moment, Mc.

Pe = Euler buckling load

 = 
p2EI

(Klu)
2
 = 

p211,857,914

(1.2(360))2
 = 627 kips [LRFD Eq. 4.5.3.2.2b-5]

M2b = 1.25 x 87 + 1.35 x 37 = 158.7 ft-kips     (gravity loads only)

Cm = 0.6 + 0.4 
M1b

M2b

 = 0.6 + 0.4 
–92.4

158.7
 = 0.367 [LRFD Eq. 4.5.3.2.2b-6]

 = 0.6 + 0.4 
–92.4

158.7
 = 0.367     (double curvature)

δb = 
Cm

1 – 
Pu

fPe

 ≥ 1.0 [LRFD Eq. 4.5.3.2.2b-3]

 = 
0.367

1 – 
0.75(627)

243
 = 0.759     Use 1.0 minimum

For this example, assume that the pile is part of a frame system where all piles are 
loaded with the same axial load. Therefore, ΣPu/fΣPe equals Pu/fPe for the individual 
pile.

δs = 
1

1 – 
fΣPe

ΣPu

 = 
1

1 – 
0.75(627)

243
 = 2.069 [LRFD Eq. 4.5.3.2.2b-4]

Mc = magnified factored design moment

20.9.3.2.1
Determination of Effective EI

20.9.3.2.2
Calculation of  

Magnified Moment

20.9.3.2.1 Determination of Effective EI/20.9.3.2.2 Calculation of Magnified Moment
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 = δbM2b + δsM2s [LRFD Eq. 4.5.3.2.2b-1]

 = 1.0(158.7) + 2.069[0.4(53)]      ( assume that only wind load causes  
sidesway)

 = 202.6 ft-kips

 
Because the LRFD Specifications method of moment magnification accounts for the 
effects of slenderness and long-term creep on a column, the factored loads obtained 
can be compared directly with a short column interaction diagram (i.e., h /́r = 0). For 
the example problem, the factored axial load and factored, magnified moment are:

 Pu = 243 kips

 Mc = 202.6 ft-kips

Plotting this axial load-moment combination on the h /́r = 0 interaction curve from 
Figure 20.5.6.7.2-1b shows that the column is capable of carrying the applied loads. 
The combination lies above the balance point so the assumption concerning a com-
pression failure is valid.

(Note: Figure 20.5.6.7.2-1b is based on the PCI Prestressed Concrete Piling 
Interaction Diagrams (1993). These tables incorporate a f-factor of 0.70 instead 
of 0.75 as used by the LRFD Specifications. Therefore, the comparison between the 
design example results and Figure 20.5.6.7.2-1b is not exact, but has been presented 
for illustrative purposes).

 
An alternative to calculating a different moment magnifier for each individual load 
case on a pile is to compare factored load combinations with a family of curves as 
described in Section 20.5.6.7.2. Such diagrams, as shown in Figure 20.5.6.7.2-1, are 
essentially three-dimensional design charts that use slenderness (h /́r) ratios to define 
individual curves. Instead of magnifying the factored design moments, the resisting 
moments comprising the individual interaction curves have been reduced by a slen-
derness modifier. Although the PCI Interaction Diagrams account for slenderness 
effects by using the h /́r ratio as an additional parameter, they do not account for lat-
eral creep deflections resulting from sustained loads. When sustained loads constitute 
a significant portion of the total loads, it is necessary to account for this separately 
when using the design interaction curves.

 
fVn ≥ Vu

Vn = Vc + Vs + Vp      (straight prestressing; Vp = 0) [LRFD Eq. 5.8.3.3-1]

Vn = 0.25f ćbvdv + Vp      (straight prestressing; Vp = 0) [LRFD Eq. 5.8.3.3-2]

Assuming the pile requires standard spiral reinforcement (W3.4 wire at 6-in. pitch) 
as discussed in Section 20.5.4.1, check minimum transverse reinforcement require-
ments.

Av ≥ 
0.0316 f ć bvs

5
  [LRFD Eq. 5.8.2.5-1]

 = 
0.0316 8 (18)(6)

5
 = 0.161 in.2 >> Av, provided = 0.034 in.2

20.9.3.2.3
Comparison of Loads with 

Interaction Diagrams

20.9.3.3
Column Design Using PCI 

Interaction Diagrams

20.9.3.4
Shear Design

20.9.3.2.2 Calculation of Magnified Moment/20.9.3.4 Shear Design
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Therefore, determine q and β as for a section without minimum transverse reinforce-
ment.

Calculate εx assuming: q = 30°; εx ≤ 0; prestressing force is ineffective at point of 
maximum shear, so fpo is taken as zero:

εx = dy

Mu  + 0.5Nu + 0.5(Vu – Vp)cotq – Apsfpo

2(EcAc + EsAs + EpAps)
 ≤ 0.002  

   [LRFD Eq. 5.8.3.4.2-3]

 = 11.97

180
 + 0.5(–243) + 0.5(13)cot30° – 0

2[5422(162) + 0 + 28500(1.224)]

 = 
1,826,496

–95.2
 = – 0.0000521 ≤ 0.002     OK

Calculate sxe:

de = 
Apsfps + Asfy

Apsfpsdp + Asfyds [LRFD Eq. 5.7.3.3.1-2]

 = dp ≈ 13.3 in.    (assuming half of section is in tension)

dv = greater of 0.9de or 0.72h [LRFD Art. 5.8.2.9]

 = 0.9(13.3) = 11.97 in.

 = 0.72(18) = 12.96 in.     (Controls)

sx = dv      (assumed) 

sxe = 
ag + 0.63

sx(1.38)
  [LRFD Eq. 5.8.3.4.2-4]

 = 
0.75 + 0.63

12.96(1.38)
 = 12.96  (assume 3⁄4 in. maximum aggregate size)

From LRFD Table 5.8.3.4.2-2 with εx = –0.0000521 and sxe = 12.96:

q = 29.7° ≈ 30° as assumed     OK

β = 5.27

Calculate Vc and compare with Vu:

Vc = 0.0316β f ć bvdv = 0.0316β 8 (18)(12.96)  [LRFD Eq. 5.8.3.3-3]

 = 110 kips

Vu > 0.5f(Vc + Vp) = 0.5(0.9)(110) = 49.5 kips [LRFD Eq. 5.8.2.4-1]

 49.5 kips > Vu = 13     OK

Vn  = Vc; check maximum Vn:

Vn = 0.25 f ćbvdv + Vp [LRFD Eq. 5.8.3.3-2]

 = 0.25(8.0)(18)(12.96 + 0) = 467 kips >> Vc      OK

20.9.3.4 Shear Design
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Design for shear using the AASHTO LRFD Specifications is a cumbersome process 
that was developed specifically for beam members. Until a simplified method is devel-
oped for prestressed concrete piles, there are a couple of simplifications that can be 
used under special circumstances:

 •  For typical cases, where it can be reasonably assumed that the pile will remain 
in compression due to externally applied loads and/or prestressing, it can be 
conservatively assumed that εx = 0. Depending on whether the confinement 
reinforcement meets the minimum requirements of LRFD Article 5.8.2.5 or 
not, the values of sxe or v/f ć for use in LRFD Tables 5.8.3.4.2-1 or 2 can be 
used.

 •  Where lateral loads are likely to require an amount of confinement reinforce-
ment greater than the minimum from LRFD Article 5.8.2.5 and the maximum 
pile shear occurs at the interface with the pile cap, the pile can be designed for 
shear assuming a nonprestressed section. In such cases, LRFD Article 5.8.3.4.1 
permits the values of 2.0 and 45° to be used for β and q, respectively.

When maximum pile shear occurs near the interface with the pile cap, the designer 
should ensure that the prestressing strand is properly developed in accordance with 
the design assumptions used. Unlike a horizontal load member, there is no reaction 
to induce compression normal to the pile axis in a bridge foundation. Therefore, the 
pile must be designed to resist the maximum shear that occurs at the pile cap inter-
face. If appropriate, the pile may need to be designed as a reinforced concrete section 
at this location.

20.9.3.4.1
Comments on Shear Design

20.9.3.4.1 Comments on Shear Design
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Octagonal
Hollow

Octagonal
Solid

Circular
Solid

Cylindrical
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Square
Solid

Square
Solid

B B B

B B
D

B

B

D

D

16 turns 
@ 3"

5 turns at 1" pitch

6" pitch
16 turns 

@ 3" 1"

4 turns at 11⁄2 pitch
5 turns at 1" pitch

4 turns at 11⁄2 pitch

16 turns 
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4" pitch 16 turns 
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Piles

fpc = 700 psi

Nominal 
Size

Core 
Diameter

Area       
Ag

Weight
Moment 
of Inertia

Section 
Modulus

Radius of 
Gyration

Perimeter
Pa = Ag( 0.33f ć – 0.27fpc )/2,000 (Tons)

f ć (psi)

B (in.) D (in.) (in.2) (plf ) (in.4) (in.3) (in.) (ft) 5,000 6,000 7,000 8,000 10,000

Square Piles

10 Solid 100 104 833 167 2.89 3.33 73 90 106 123 156 

12 Solid 144 15 0 1,728 288 3.46 4.00 105 129 153 176 224 

14 Solid 196 204 3,201 457 4.04 4.67 143 176 208 240 305 

16 Solid 256 267 5,461 683 4.62 5.33 187 229 271 314 398 

18 Solid 324 338 8,748 972 5.20 6.00 237 290 344 397 504 

20 Solid 400 417 13,333 1,333 5.77 6.67 292 358 424 490 622 

20 11 305 318 12,615 1,262 6.43 6.67 223 273 323 374 474 

24 Solid 576 600 27,648 2,304 6.93 8.00 421 516 611 706 896 

24 12 463 482 26,630 2,219 7.58 8.00 338 415 491 567 720 

24 13 443 462 25,762 2,147 7.81 8.00 324 397 470 543 690 

24 14 422 440 25,163 2,097 7.94 8.00 308 378 448 517 657 

30 Solid 900 938 67,500 4,500 8.66 10.00 657 806 954 1,103 1,400 

30 18 646 672 62,347 4,157 9.82 10.00 472 578 685 791 1,004 

36 18 1,042 1,085 134,815 7,490 11.38 12.00 761 933 1,105 1,276 1,620 

Octagonal Piles

10 Solid 83 85 555 111 2.59 2.76 61 74 88 102 129 

12 Solid 119 125 1,134 189 3.09 3.31 87 107 126 146 185 

14 Solid 162 169 2,105 301 3.60 3.87 118 145 172 199 252 

16 Solid 212 220 3,592 449 4.12 4.42 155 190 225 260 330 

18 Solid 268 280 5,705 639 4.61 4.97 196 240 284 328 417 

20 Solid 331 345 8,770 877 5.15 5.52 242 296 351 406 515 

20 11 236 245 8,050 805 5.84 5.52 172 211 250 289 367 

22 Solid 401 420 12,837 1,167 5.66 6.08 293 359 425 491 624 

22 13 268 280 11,440 1,040 6.53 6.08 196 240 284 328 417 

24 Solid 477 495 18,180 1,515 6.17 6.63 348 427 506 585 742 

24 15 300 315 15,696 1,308 7.23 6.63 219 269 318 368 467 

Cylinder Piles

36 22 638 664 70,949 3,942 10.55 9.42 466 571 677 782 992 

36 24 565 589 66,162 3,676 10.82 9.42 413 506 599 692 879 

36 26 487 507 60,016 3,334 11.10 9.42 356 436 516 597 758 

48 34 902 939 194,979 8,124 14.71 12.57 659 808 957 1,105 1,403 

48 36 792 825 178,128 7,422 15.00 12.57 579 709 840 971 1,232 

48 38 675 704 158,222 6,593 15.31 12.57 493 604 716 827 1,050 

54 40 1,034 1,077 191,729 10,805 16.80 14.14 755 926 1,097 1,267 1,608 

54 42 905 942 264,648 9,802 17.10 14.14 661 810 960 1,109 1,408 

54 44 770 802 233,409 8,645 17.41 14.14 562 690 817 944 1,198 

60 46 1,166 1,214 416,386 13,880 18.90 15.71 852 1,044 1,237 1,429 1,814 

60 48 1,018 1,060 375,596 12,520 19.21 15.71 744 912 1,080 1,248 1,583 

60 50 864 900 329,376 10,979 19.53 15.71 631 774 916 1,059 1,344 

66 52 1,297 1,352 572,512 17,349 21.01 17.28 947 1,161 1,375 1,589 2,017

66 54 1,131 1,178 514,027 15,577 21.32 17.28 826 1,013 1,199 1,386 1,759

66 56 958 998 448,670 13,596 21.64 17.28 700 858 1,016 1,174 1,490
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Piles

fpc = 1,200 psi

Nominal 
Size

Core 
Diameter

Area       
Ag

Weight
Moment 
of Inertia

Section 
Modulus

Radius of 
Gyration

Perimeter
Pa = Ag( 0.33f ć – 0.27fpc )/2,000 (Tons)

f ć (psi)

B (in.) D (in.) (in.2) (plf ) (in.4) (in.3) (in.) (ft) 5,000 6,000 7,000 8,000 10,000

Square Piles

10 Solid 100 104 833 167 2.89 3.33 66 83 99 116 149 

12 Solid 144 150 1,728 288 3.46 4.00 95 119 143 167 214 

14 Solid 196 204 3,201 457 4.04 4.67 130 162 195 227 292 

16 Solid 256 267 5,461 683 4.62 5.33 170 212 254 296 381 

18 Solid 324 338 8,748 972 5.20 6.00 215 268 322 375 482 

20 Solid 400 417 13,333 1,333 5.77 6.67 265 331 397 463 595 

20 11 305 318 12,615 1,262 6.43 6.67 202 253 303 353 454 

24 Solid 576 600 27,648 2,304 6.93 8.00 382 477 572 667 857 

24 12 463 482 26,630 2,219 7.58 8.00 307 383 460 536 689 

24 13 443 462 25,762 2,147 7.81 8.00 294 367 440 513 660 

24 14 422 440 25,163 2,097 7.94 8.00 280 349 419 489 628 

30 Solid 900 938 67,500 4,500 8.66 10.00 597 745 894 1,042 1,339 

30 18 646 672 62,347 4,157 9.82 10.00 428 534 641 748 961 

36 18 1,042 1,085 134,815 7,490 11.38 12.00 691 862 1,034 1,206 1,550 

Octagonal Piles

10 Solid 83 85 555 111 2.59 2.76 55 69 82 96 124 

12 Solid 119 125 1,134 189 3.09 3.31 79 99 118 138 177 

14 Solid 162 169 2,105 301 3.60 3.87 107 134 161 188 241 

16 Solid 212 220 3,592 449 4.12 4.42 141 176 211 245 315 

18 Solid 268 280 5,705 639 4.61 4.97 178 222 266 310 399 

20 Solid 331 345 8,770 877 5.15 5.52 219 274 329 383 493 

20 11 236 245 8,050 805 5.84 5.52 156 195 234 273 351 

22 Solid 401 420 12,837 1,167 5.66 6.08 266 332 398 464 597 

22 13 268 280 11,440 1,040 6.53 6.08 178 222 266 310 399 

24 Solid 477 495 18,180 1,515 6.17 6.63 316 395 474 552 710 

24 15 300 315 15,696 1,308 7.23 6.63 199 248 298 347 446 

Cylinder Piles

36 22 638 664 70,949 3,942 10.55 9.42 423 528 634 739 949 

36 24 565 589 66,162 3,676 10.82 9.42 375 468 561 654 841 

36 26 487 507 60,016 3,334 11.10 9.42 323 403 484 564 725 

48 34 902 939 194,979 8,124 14.71 12.57 598 747 896 1,045 1,342 

48 36 792 825 178,128 7,422 15.00 12.57 525 656 786 917 1,178 

48 38 675 704 158,222 6,593 15.31 12.57 448 559 670 782 1,004 

54 40 1,034 1,077 191,729 10,805 16.80 14.14 686 856 1,027 1,197 1,539 

54 42 905 942 264,648 9,802 17.10 14.14 600 749 899 1,048 1,347 

54 44 770 802 233,409 8,645 17.41 14.14 511 638 765 892 1,146 

60 46 1,166 1,214 416,386 13,880 18.90 15.71 773 965 1,158 1,350 1,735 

60 48 1,018 1,060 375,596 12,520 19.21 15.71 675 843 1,011 1,179 1,515 

60 50 864 900 329,376 10,979 19.53 15.71 573 715 858 1,001 1,286 

66 52 1,297 1,352 572,512 17,349 21.01 17.28 860 1,074 1,288 1,502 1,930

66 54 1,131 1,178 514,027 15,577 21.32 17.28 750 936 1,123 1,310 1,683

66 56 958 998 448,670 13,596 21.64 17.28 635 793 951 1,109 1,426
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Precast Prestressed 
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Driving force
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PPC 
sheet pile

Temporary wood or
steel alignment
system (wale)
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