
EI 02C097
01 Jul 97

4-1

Chapter 4 load.  As shown later, the computational procedure allows the1

Lateral Loads detrmination of the axial load at which the pile will buckle.

1.  Description of the Problem c.  Soil representation.  The soil around the pile is

a.  Design philosophy.  Deep foundations must often resistance p is a nonlinear function of pile deflection y.  The
support substantial lateral loads as well as axial loads.  While mechanisms, and the corresponding curves that represent their
axially loaded, deep foundation elements may be adequately behavior, are widely spaced but are considered to be very close
designed by simple statis methods, design methodology for lateral in the analysis.  As may be seen in Figure 4-1, the p-y curves are
loads is more complex.  The solution must ensure that fully nonlinear with respect to distance x along the pile and pile
equilibrium and soil-structure-interation compatability are deflection y.  The curve for x = x  is drawn to indicate that the
satisfied.  Nonlinear soil response complicates the solution. pile may deflect a finite distance with no soil resistance.  The
Batter piles are included in pile groups to improve the lateral curve at x = x  is drawn to show that the soil is deflection-
capacity when vertical piles alone are not sufficient to support the softening.  There is no reasonable limit to the variations that can
loads. be employed in representing the response of the soil to the lateral

b.  Cause of lateral loads.  Some causes of lateral loads are
wind forces on towers, buildings, bridges and large signs, the  d.  The p-y curve method.  The p-y method is extremely
centripetal force from vehicular traffic on curved highway versatile and provides a practical means for design.  The method
bridges, force of water flowing against the substructure of was suggested over 30 years ago (McCelland and Focht 1958).
bridges, lateral seismic forces from earthquakes, and backfill Two developments during the 1950's made the method possible:
loads behind walls. the digital computer for solving the problem of the nonlinear,

c.  Factors influencing behavior.  The behavior of laterally remote-reading strain gauge for use in obtaining soil-response
loaded deep foundations depends on stiffness of the pile and soil, (p-y) curves from field experiments.  The method has been used
mobilization of resistance in the surrounding soil, boundary by the petroleum industry in the design of pile-supported
conditions (fixity at ends of deep foundation elements), and platforms and extended to the design of onshore foundations as,
duration and frequency of loading. for example by publications of the Federal Highway

2.  Nonlinear Pile and p-y Model for Soil.

a.  General concept.  The model shown in Figure 4-1 is p and y as used here is necessary because other approaches have
emphasized in this document. The loading on the pile is general been used.  The sketch in Figure 4-2a shows a uniform
for the two-dimensional case (no torsion or out-of-plane distribution of unit stresses normal to the wall of a cylindrical
bending).  The horizontal lines across the pile are intended to pile.  This distribution is correct for the case of a pile that has
show that it is made up of different sections; for example, steel been installed without bending.  If the pile is caused to deflect a
pipe could be used with the wall thickness varied along the distance y (exaggerated in the sketch for clarity), the distribution
length.  The difference-equation method is employed for the of unit stresses would be similar to that shown in Figure 4-2b.
solution of the beam-column equation to allow the different The stresses would have decreased on the back side of the pile
values of bending stiffness to be addressed.  Also, it is possible, and increased on the front side.  Both normal and a shearing
but not frequently necessary, to vary the bending stiffness with stress component may developed along the perimeter of the
bending moment that is computed during interation cross section.  Integration of the unit stresses will result in the

quanity p which acts opposite in direction to y.  The dimensions
b.  Axial load.  An axial load is indicated and is considered of p are load per unit length along the pile.  The definitions of p

in the solution with respect to its effect on bending and not in and y that are presented are convenient in the solution of the
regard to computing the required length to support a given axial differential equation and are consistent with the quantities used

replaced by a set of mechanisms indicating that the soil

1

2

deflection of a pile.

fourth-order differential equation for the beam-column; and the

Administration (USA) (Reese 1984).  

(1)  Definition of p and y.  The definition of the quantities

in the solution of the ordinary beam equation.

(2)  Nature of soil response.  The manner in which the soil
responds to the lateral deflection of a pile can be examined by
examined by considering the pipe pile shown  

Portions of this chapter were abstracted from the writings1

of Dr. L. C. Reese and his colleagues, with the permission
of Dr. Reese.
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Figure 4-1.  Model of pile under lateral loading with p-y curves

 in   Figure 4-3.  Two slices of soil are indicated; the element A
is near the ground surface and the element B is several (a)  Ultimate resistance to lateral movement. With regard
diameters below the ground surface.  Consideration will be to the ultimate resistance at element A in Figure 4-3, Figure 4-5
given here to the manner in which those two elements of soil shows a wedge of soil that is moved up and away from a pile.
react as the pile deflects under an applied lateral load.  Figure 4- The ground surface is represented by the plane ABCD, and soil
4 shows a p-y curve that is conceptual in nature.  The curve is in contact with the pile is represented by the surface CDEF.  If
plotted in the first quadrant for convenience and only one branch the pile is moved in the direction indicated, failure of the soil in
is shown.  The curve properly belongs in the second and fourth shear will occur on the planes ADE, BCF, and AEFB. The
quadrants because the soil response acts in opposition to the horizontal force F  against the pile can be computed by summing
deflection.  The branch of the p-y curves 0-a is representative of the horizontal components of the forces on the sliding surfaces,
the elastic action of the soil; the deflection at point a may be taking into account ote gravity force on the wedge of soil.  For a
small.  The branch a-b is the transition portion of the curve.  At given value of H,  it is assumed that the value of the horizontal
point b the ultimate soil resistance is reached. The following force on the pile is
paragraphs will deal with the ultimate soil resistance.
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Figure 4-17.  Pile deflection produced by lateral load at mudline
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Figure 4-18.  Pile deflection produced by moment applied at mudline
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Figure 4-19.  Slope of pile caused by lateral load at mudline
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Figure 4-20.  Slope of pile caused by moment applied at mudline
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Figure 4-21.  Bending moment produced by lateral load at mudline
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Figure 4-22.  Bending moment produced by moment applied at mudline
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Figure 4-23.  Shear produced by lateral load at mudline
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Figure 4-24.  Shear produced by moment applied at mudline
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Figure 4-25.  Deflection of pile fixed against rotation at mudline
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Figure 4-26.  Soil-response curves
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Figure 4-27.  Graphical solution for relative stiffness factor
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The following table shows the computation of the values of certain that the two methods could not have been brought
deflection and bending moment as a function of depth, using into perfect agreement.  An examination of Figure 4-27a
the above equations.  The same problem was solved by shows that is impossible to fit a straight line through the
computer and results from both methods are plotted in plotted values of E  versus depth; therefore, E  = kx will not
Figure 4-28.  As may be seen, the shapes of both sets of yield a perfect solution to the problem, as demonstrated in
curves are similar, the maximum moment from the hand Figure 4-28.  However, even with imperfect fitting in
method and from computer agree fairly well, but the Figure 4-27a and with the crude convergence shown in
computed deflection at the top of the pile is about one-half Figure 4-27b, the computed values of maximum bending
the value from the nondimensional method.  One can moment from the hand solution and from computer agreed
conclude that a closed convergence may have yielded a remarkably well.  The effect of the axial loading on the
smaller value of the relative stiffness factor to obtain a deflection and bending moment was investigated with the
slightly better agreement between the two methods, but it is computer by assuming that the pile had an axial load of

s s

Depth (in.) z   A y (in.) A M (in. lb/10 )y M
6

0 0.0 2.43 2.29 0.0 0

17 0.2 2.11 1.99 0.198 0.499

34 0.4 1.80 1.70 0.379 0.955

50 0.6 1.50 1.41 0.532 1.341

67 0.8 1.22 1.15 0.649 1.636

84 1.0 0.962 0.91 0.727 1.832

101 1.2 0.738 0.70 0.767 1.933

118 1.4 0.544 0.51 0.772 1.945

151 1.8 0.247 0.23 0.696 1.754

210 2.5 -0.020 -0.02 0.422 1.063

252 3.0 -0.075 -0.07 0.225 0.567

294 3.5 -0.074 -0.07 0.081 0.204

336 4.0 -0.050 -0.05 0.0 0

100 kips.  The results showed that the groundline deflection results, not shown here, yielded an ultimate load of 52 kips.
increased about 0.036 inches, and the maximum bending The deflection corresponding to that load was about
moment increased about 0.058 × 10  in-lb; thus, the axial 3.2 inches.6

load caused an increase of only about 3 percent in the values
computed with no axial load.  However, the ability to use an (7)  Apply global factor of safety (step 7).  The selection
axial load in the computations becomes important when a of the factor of safety to be used in a particular design is a
portion of a pile extends above the groundline.  The function of many parameters.  In connection with a particular
computation of the buckling load can only be done properly design, an excellent procedure is to perform computations
with a computer code.  with upper-bound and lower- bound values of the principal

(6)  Repeat solutions for loads to obtain failure moment may suggest in a particular design that can be employed with
(step 6).  As shown in the statement about the dimensions of safety.  Alternatively, the difference in the results of such
the pile, the ultimate bending moment was incremented to computations may suggest the performance of further tests
find the lateral load P  that would develop that moment.  The of the soil or the performance of full-scale field tests at thet

factors that affect a solution.  A comparison of the results
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construction site. tests, when properly interpreted, can lead to better ideas

5.  Status of the Technology there will be much changein the basic method of analysis.

The methods of analysis presented herein will be improved techniques, employing curves at discrete locations along a
in time by the development of better methods of pile to represent the response of the soil or distributed
characterizing soil and by upgrading the computer code.  In loading, is an effective method.  The finite element method
this latter case, the codes are being constantly refined to may come into more use in time but, at present, information
make them more versatile, applicable to a wider range of on the characterization of the soil by that method is
problems, and easier to use.  From time to time tests are inadequate.
being performed in the field with instrumented piles.  These

about the response of the soil.  However, it is unlikely that

The solution of the difference equations by numerical
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Figure 4-28.  Comparison of deflection and bending moment from 
        nondimensional and computer solutions


