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INFLUENCE OF CYCLIC LOADING ON AXIAL PILE RESPONSE
H. G. Poulos, University of Sydney

SUMMARY

This paper reviews existing data on the effects of cyclic degradation

and loading rate on skin friction and soil modulus for axially loaded

piles. Some of these data are used in a theoretical analysis of cyclic
axial response, and the effects of such factors as cyclic load level,
number of cycles, loading rate and group effects are investigated.
Group effects are shown to have a very significant influence on both the
ultimate load capacity and cyclic pile stiffness. Finally, a procedure
is described whereby the behaviour of a pile subjected to varlable
cycllc loading can be estimated.

1. INTRODUCTION

An important feature of pile foundations for offshore structures

is the cyclic nature of the loading (both axial and lateral). Consider-

-ing the possible consequences of failure of such piles, suprisingly

little is known about the response of piles to cyclic axial lbading. A
number of experimental investigations have been carried out and these
generally indicate that "two-way" cyclic loading (involving load rever-

sal) has a far more significant effects in reducing pile capacify and

‘pile stiffness than does "one-way' cyclic loading. On the other hand,

the>relative1y high frequency of wave loading and the resulting rapid
rate of load application'tends'to cause an increase in both load capa-
city and pile stiffness.

Only a few attempts have been made to incorporate either cylcic
degradation or lbading rate effects (or both) into analyses of axial
rcsponse (Matlock and Foo, 1979; Boulon etbal, 1980; Poulos, 1979%a;
1981b). The present paper describes a further evolution of the
analyses presented in the latter two papers. Recent data on the
factors governing cyclic degradation and loading rate effects‘are

reviewed first and some of the areas still requiring further investi-

- gation are highlighted. An analysis incorporating both cyclic



degradation and loading rate effects is then described and an extension
to allow for pile group effects is discussed. Some solutions are pre-
sented to indicate the effects on cyclic axial response of such factors

as cyclic load level, loading rate and number of piles in the group.

Finally, an approximate procedure for evaluating the effects of variable

cyclic loading on pile response is suggested. As in the previous

" papers, two main aspects are considered: ‘

(a) the influence of cyclic loading on the ultimate
axial capacity of a pile

(b) the influence of cyclic loading bn the axial
stiffness of the pile-soil system.

2. CYCLIC DEGRADATiON EFFECTS

Laboratory and field data show that cyclic loading may cause a

reduction in load capacity and an increase in settlement of piles.

Data collected by Bea et al (1980) suggests only a maiimum 10-20%
reduction in load capacity, but shows a definite trend for increasing -
pile head settlement with increasing number of cycles and level of
cyclic load level. They suggest that the sum of static and cyclic axial
load be kept below 80% of ultimate capacity in order to avoid large
cumulative settlements. Small-scale laboratory.and field data however
' suggests that reductions in ~ultimate: load capacity significantly
greater than 20% may occur, particularly if load reversal occurs during
cycling. ‘The extent. of such reductions also depends on the soil type,
and therefore data on piles in clay and piles in sand will be reviewed

separately,

2.1 Piles in Clay.

Two main mechanisms may be postulated to explain the effects of
cyclic loading on piles in clay:
(i) changes in pore pressure in the soil adjacent to
the pile :
(ii) realignment of the clay particles adjacent to the
pile. ‘
Laboratory tests carried out by Steenfelt et al (1981) showed that a
drop in shaft adhesion during a ''two-way' cyclic test was accompanied

by a gradual rise in excess pore pressure, but that when there was no
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significant rise in pore pressure, there was no evidence of a reduction
in shaft capacity. Puech et al (1980). found no significant changes in
pore pressure during cyclic loading of a pile in loose compressible silt,
although some reduction in skin friction appears to have occurred. A
small-scale field test by Grosch and Reese (1980) on a pile in soft clay
showed an overall decrease in pore pressure during cycling, prior to (or
together with) a decrease in skin friction.' Fluctuations in pore
pressure began immediately on initiation of reduction in skin friction
capacity and were greatest during the periods of greatest reduction.

Failure was considered to be located entirely in the soil within a zone

~ of about 2mm width and not at the pile-soil interface. The soil in

this zone was over-consolidated due to pile insertion and subsequent
reconsolidation, and hence was considered to dilate as the clay particles
rotate and become.realigned. Grosch and Reese considered that the
primary mechanism of cyclic load-transfer reduction is the destruction
of interparticle bonds and realignment of the soil structure parallel

to the direction of shear strain. In view of the limited information on

~ the role of both postulated machanisms, it would therefore appear prudent

~at this stage to adopt a more phenomenological approach -to describe

cyclic degradation effects on both pile load capacity and deformation.

A consistent feature of cyclic response of piles is that "two-

way'" cyclic loading (involving stress reversal) results in a much more

.dramatic reduction in pile load capacity than ""one-way" cyclic loading

(Holmquist and Matl§ck, 1976; Steenfelt et al, 1981), with reductions in
skin friction of up to 75% being recorded for extfeﬁely large cyclic
load or displacement amplitudes. Such findings have led to the develop-
ment of a degradation model by Matlock and Foo (1979) in which cyclic
degradation only occurs if plastic reversals of strain occur. However,
model tests by Poulos (1981a) reveal that one-way cyclic loading will
also cause a reduction in ultimate skin friction, and that a more satis-
factory basis for cyclic degfadation may be the cyclic displacement of

the pile.

In order to express degradation effects convenientiy, the

concept of degradation factors has been infroduced,bthe degradation

factor being defined as



property after cyclic loading - ——— (1) SN
property for static loading 4 N

The degradation factors for skin friction, ultimate base resistance and

soil modulus are denoted as DT, Db and DE respectively.

The variation of the ékin friction degradation factor D%'with
cyclic pile displacement is shown in Fig.l. These results are derived
from tests on model piles 20 mm diameter and 250mm long in remoulded
clay (Poulos, 1981a) and the cyclic displacement is expressed in dimen-
sionless form as pc/d, where Pe = half-amplitude of cyclic displacement
and 'd = pile diameter. Tests on model piles of various diameters indi-
cate that this normalization of cyclic displacement is applicable on a
model scale, but it is not known whether the results would apply for
full-size piles. However, data presented by Aurora et al (1981) suggests
that the static pile displacement for full slip,pst/d, increases more-or-
less linearly with diameter, with pst/d ranging between about 0.005 and
0.025. As discussed below, the cyclic pile displacement to cause a
particular degree of cyclic degradation of skin friction appears to be
related to Pgy SO that it seems reasonable to assume that cyclic dis- pﬁ\
placement is also related to the diameter. Fig.l reveals that no -
degradation of skin friction occurs unless the (half—amplitude) cyclic
displacement exceeds about 0.2% of the diameter. Thereafter, increasing
cyclic di5p1acement're$ults in degradation and loss.of skin friction,
although the degradation factor appears to reach a limiting value for
cyclic displacements in excess of about 1.5% of the diameter. The
degradation factor depends on the number of cycles (in contrast to the
assumption made earlier by Poulos, 1981b), but the majority of degrada1
tion occurs in the first 10 or 20 cycles. This was also noted in tests
by Grosch and Reese (1980). However, it should be emphasized that the
cyclic displacement required to initiate degradation may vary consider-
ably from those indicated in'Fig.l. For example, Grosch and Reese (1580)
have found, from tests on a 1 in diameter model aluminium pile in a
soft in-situ clay, that cyclic displacements Pe in excess of +0.02d
were required, and that a limiting degradation factor was reached when
Pe exceeded about *0.06d. It would appear that the "critical” cyclic
displacement at which cyclic degradation commences, Poc? is related to §.3

the displacement required for full slip in a static load test, Pore In
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the model tests of Poulos (1918a) Py Was about 0.0054d, whereas in the
tests of Grosch and Reese (1980), Py Was about (0.04 to 0.0S)d. The

corresponding values of pc.c/ps are therefore similar, being of the order

of 0.4 to 0.5 in both cases. Eonsequently, the degradation factor is
probably best related to the ratio ofithe cyclic displacement P, to the
static displacement for full development of skin friction, p_,. This
approach has, in effect, been adopted by Poulos (1981b) who considers
the degradation factors to be dependent on a cyclic "strain" ratio, in
‘which the reference strain is related to the static shear strain to
failure. Fig.l also shows the abscissa in terms of +°c/p_,, and this
would appear to be the most useful form of the skin friction degradation
relationship to adopt for praetical purposes. Comparison between Fig.l
and the degradation curve previously adopted by Poulos (1981b) reveals
‘that the latter is far more severe, with a degradation factor of about

0.3 for a value of cyclic strain ratio (or pc/pst) of 1.5.

Data on modulus degradation from cyclic triaxial tests by
Idriss et al (1978) indicated that the modulus degradation factor DE

could be approximated as follows:

- —t e an——————
.D.E = N . (2)
where N = number of cycles
t = a degradation parameter which

is a function of cyclic strain.

It has been found from model tests that Eq.2 can also be applied to the
degradation of soil modulus for piles, and that the parameter t can be
related to the dimensionless cyclic displacement ipc/d, or preferably,

to tpc/pst. The relationship derived from the model pile tests of

Poulos (198la) is shown in Fig.2; because of experimental scatter, the
range of t' values is shown. Comparison between Fig.2 and the previously-
assumed relationship used by Poulos‘(1981b) shows that the latter results
in considerably greater modulus degradation, although that relationship

* can be adjusted by altering the reference shear strain.

Unfortunately, no direct data is yet available on the cyclic
degradation of ultimate base resistance of a pile in clay, as most

tests to date have concentrated on cyclic effects on skin friction. In

™
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the absence of other evidence, it is suggeésted that Figs.l and 2 can be
used to estimate the amount of degradation of ultimate base pressure and

s0il modulus at the base, provided that the value of p £ is now taken as

.the displacement required to mobilize the ultimate base re51stance, this

will generally be significantly greater than the displacement to
mobilize the ultimate skin friction, so that the amount of cyclic

degradation at the base will generally be less than along the shaft.

Finally, it should be remarked that data derlved from small-
scale model pile tests may tend to reflect the effects of particle
reorientation more than pore pressure‘effects, since any excess pore
pressure developed during cyclic loading will dissipate much more
rapidly than in a full-scale field situation. The extent to which pore
pressure effects influence cyciic degradation of full-scale piles

(particularly large-diameter offshore piles) remains to be investigated.

2.2 Piles in Sand.

The limited'information available on the effects of cyclic
loading on piles in sand indicates that remarkable reductions in load
capacity and pile stiffness can occur. Chan and Hanna (1980) describe
laboratory model tests which demonstrate that pile failure can occur
with cyclic loads of 30% of the ultimate static load for one-way ioading'
or even smaller values for two-way cyclic loading. Permanent settle-
ment of the pile may continue to increase, even after a very large

number of cycles. Model tests by Gudehus and Hettler (1981) show that

failure can occur under one-way cycling for a maximum load as small as

10% of the ultimate static value; this failure is characterized by

increasing deflection with increasing numbers of cycles (incremental

~collapse). At higher cyclic load levels (e.g. 30% of ultimate),

failure occurs within about 40 cycles. Field and laboratory tests
reported by Van Weele (1979) broadly confirm the conclusions reached in
the above model tests. In one test, with an average load of 20-30% of
the static failure load and a cyclic component of equal magnitude,"
failure occurred after about 3000 load cycles, while in another test,
cycling between zero load and about 25% of the ultimate stétic loaa
caused failure after 10000 cycles. It was deduced that degradation of

base resistance was more severe than degradation of skin friction, and



close examination of the sand near the tip showed appreciable crushing
of the grains. For design purposes, Van Weele suggests that the ulti-
. mate peak load under cyclic conditions is approximated as the sum of
25-33% of the static end-bearing and 60-70% of the static ultimate

friction.

In all the above cases, failure is characterized by a continued

accumulation of permanent displacement, resulting in movements of the

order of one pile diameter after many cycles. Van Weele attributes this

to the continuous re-arrangement of particlés (and'the possible crushing

of highly-stressed particles) and argues that deformation may continue
to increase with increasing load cycles without reaching a final and
constant value. Thus, the consideration of permanent displacement and
its accumulation with increasing load cycles appears to be of prime
importance in aséessing cyclic axial response of piles in sand. Never-
theless, the amount of cyclic degradation of skin friction has been
shown to be dependent on the cyclic displacement, as is also the case
for piles in clay. Small-scale laboratory tests have been carried out
by the author on jacked aluminium piles (20mm diameter, 2501mﬁ long) in
medium dense silica sand consolidated to various overburden pressures
using displacement-defined two-way cyclic loading with a mean zero load.
The skin friction degradation factor D¢ is found to be relatively
‘insensitive to overburden pressufe and overconsolidation ratio, and the
relationship obtained between Dy and dimensionless cyclic pile displace-
ment pc/d is shown ih Fig.3 for N = 10 cycles. Also shown on the hori-
zontal axis is the cyclic pile displacement Pe normalized with respect

to the static displacement of full .slip p which for these tests

st’
averaged 0.025d. The general characteristics of cyclic degradation of
skin friction are similar to those for piles in clay (Fig.l), and again
the majority of degradation appears‘to take place within the first

10 cycles.

Detailed data on the degradation of soil modulus has not yet
been obtained for piles in sand. The cyclic stiffness of a pile tends
to decrease with increasing numbers of cycles, but it is not yet clear
whether the expression in Eq.2 can be applied in this case. Moreover,
no data on the degradation of ultimate base resistance is available,

although the tests of Van Weele suggest that this degradation may be



important Consequently, it must be concluded that, at this time; there
is a dearth of experlmental data on the effects of cy¢lic loading on
piles in sand, although indications are that they can be more crltlcal

than for piles in clay.

3. LOADING RATE EFFECTS

Bjerrum (1973) and Bea et al (1980) have summarized the results
of field tests on piles in clay which clearly indicate that the rate of

application (or the time to failure) has a significant effect on pile

load capacity. ‘The more rapid the loading rate, the greater the pile

capacity, and an approximately linear increase in load capacity with the
logarithm of loading rate is observed. Typically, the load capacity
increases by between 10 and 20% per decade increase in loading rate.
Laboratory tests on ﬁodel piles in clay also confirm these values
(Poulos, 1981a). >Similar effects have been noted on pile stiffness by
Gallagher and St. John (1980) and Kraft et al (1981) in their field
tests. Thus, in quantifying the effects of loading rate, a reasonable
procedure appears to be to apply a loading rate factor DR to the values

of ultimate skin friction, ultimate base resistance and soil modulus, in

. which
Dp = 1-F log 0[91‘)- —_—(3)
where Ey = . rate coefficient (typically 0.1 to 0.25)
A = actual loading rate
Ar = reference loading rate (e.g. for statlc

~ load test).

In situations where relatively rapid cyclic loading is being
applied to a pile, (such as with offshore piles subjected to wave load-
ing) the beneficial. effects of hlgh loading rate maybe offset by the
degradation of load capac1ty due to the cycling of the load, and the

ultimate load capacity may be less than or more than the ultimate static

capacity. For example, in the tests COnduCted by Kraft et al (1981),

the combined effects of one-way cycllng and rapid loading rate resulted
in a load capacity which exceeded the static value by up to 20%. Thus,
it is necessary to con51der both cyclic and rate effects 51mu1taneously

in order to assess the ultimate load capacity of offshore p11es
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There is no published evidence on the effects of loading rate
on piles in sand. Laboratory static triaxial tests show that the shear
strength of sand is largely unaffected by loading rate (in contrast to
clays which afe influenced in a similar manner to piles in clay). Thus
it would seem that no rate effects could be relied upon for piles in
sand, so that cyclic loading would serve only to cause degradation of
pile load capacity and stiffness; if this is so, the significance of
cyclic loading effects on piles in sand may indeed be much greater than

for piles in clay.

4. . THEORETICAL ANALYSIS

An analytical procedure for incorporating the effects of cyclic

~ loading rate on axial pile response has been described by Poulos (1981b).

The analysis for a single pile will be summarized briefly and then an
extension to allow analysis of circular groups of piles will be dis-

cussed.

4,1 Single Piles.

The analysis is a simplifiedvform of boundary element analysis
in which the pile is discretized into a series of elements, cylindrical
for the shaft and annular elements for the base and any discontinuities
in diameter along the shaft (see Fig.4). The soil is considered initi-
ally to be a linearly elastic continuum. By considering equilibrium and
compatability betwéen the vertical movements of the pile and soil at
each element, relationships may be derived between the increment in
pile-soii interaction stresses, the incremental pile vertical displace-
ment, and the applied axial load increment. In the case of static
loading, these relationships may be solved for the interaction stress
increments and the incremental pile’deflection, from which the over-all
values can be obtained by addition to the existing values. Allowance
can be made for pile-soil slip or soil yeild at an -element by specify-
ing an.uppér limit to the value of the interaction stress at each
element, and carrying out an interative analysis. ‘Nonhomogenéity_of the

soil along and beneath the pile may also be taken into account approxi-

mately, in the manner deséribed by Poulos (1979b). The ability to con-

sider soil nonhomogeneity in a convenient and economical fashion is

essential when considering a cyclically loaded pilé, as degradation of

11



the soil modulus and skin friction will occur at different rates along
the pile, so that, even in an initially homogeneous'soil mass, non-
uniform distributions of modulus and skin friction will generally exist

aléng the pile.

In extending the above analysis to incorporate cyclic loading,
it is most convenient to carry out an analysis to determine the response
of a pile after a number of cycles N of uniform magnitude (maximum load

P , minimum load P_. ), with the soil parameters being adjusted to-
max min :

reflect the effects of cyclic loading at the end of the load sequence.

The following procedure is followed:

(1) First estimates of soil modulus Eg, ultimate skin friction
T, and ultimate base resistance py, are chosen for each
element (e.g. the values for static loading).

(2) The pile is analyzed for the maximum load Ppax, and the
distributions of shear stress and displacement along the
pile are determined. '

(3)° The pile is similarly analyzed for the minimum load Pmin.

(4)  The cyclic displacement pc at each element is determined
by subtracting the minimum value (Step 3) from the maximum
value (Step 2).

(5) For the specified number of cycles and the Cyclic displace-
ment, the degradation factors Dt, Dp and DE are determined
from relationships such as those in Figs.l and 2, and Eq.2.

(6) Revised values of ultimate skin friction, ultimate base
resistance and soil modulus are determined by multiplying .
the static values by the appropriate degradation factor
and the rate factor DR (Eq.3). These revised values are
compared with the existing values, and if the difference
is greater than a specified tolerance, Steps 2 and 6 are
repeated until the desired degree of convergence is obtained.

(7) The cyclic deflection, the mean deflection, and the values
of ultimate skin friction and base resistance corresponding
to N cycles of load (range Pmax toPpmin) are thus obtained,
from which the available ultimate load capacity after
cycling may be readily calculated.

In order to obtain more rapid convergence, it is desirable to
‘choose reasonable first estimates of the soil parameters, and this can
be achieved by carrying out successive incremental analyses in which

the first estimates of the parameters for each increment are the values

for the previous increment.
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4.2 Pile GrouEs.

If the piles in a group are symmetrica‘ly afranged around the-
circumference of a circle, as is the case for offshore pile groups, all’
piles will behave identically under axial loading and consequently the
single pile ana1y51s can very easily be extended to analyze the behav--
iour of the piles in the group. The only modification required is in
the calculation of the soil displacements at each element, which now
include components due to the surrounding piles in the group’in addition
to the subject pile itself. These components can be evéluated from
Mindlin's equations ofvelasticity,'as described by Poulos (1968).

" Solution of the resulting displacement compatability equations, the
checks for'pile-soil slip éﬁdjyield,andthe incorporation of cyclic
degradation and rate effects, are then carried out as for a single pile.
A computer program, CYCPL7, has been written to carry out this analysis,
this program being an extension of an earlier program (CYCPL6) for

single piles.,

‘The significance of group effects will be discussed in detail
below, but in brief, since cyclic degradation is dependent on cyclic
displacement, and since the cyclic displécement of a pile in a group is
greater than for an isolated single pile, it follows that the effects of
cyclic loading on a pile group will be more severe than on a 51ngle pile

(for the same cyclic load per p11e)

5. SOME THEORETICAL RESULTS

To illustrate some of the characteristics of piles under cyclic

axial loading, solutions have been obtained for a hypothetical case in
which steel tube piles are driven into a deep deposit of relatively stiff
clay. The'piies are 72m long, 1.4m diameter and have a 50 mm wall,

The soil is assumed to have a constant undrained shear strength of 200 kPa,
a constant ultimate skin friction of 50 kPa (in both compression and
tension), an ultimate base resistance of 1.8 MPa in compression and
0.1MPa in tension and a constant Young's.modulus of 50MPa. The degra-
dation characteristics for both shaft and base are assumed to be as

shown in Figs.1l and 2, and the loading rate effects are given by Eq.3

with a rate coefficient Fp of 0.1. Each pile has a static compressive

load Py of 6 MN applied to it (corresponding to a static safety factor



of about 3) and a cyclic component tPC.
The following factors are investigated:

(i) the influence of cyclic load amplitude P, and number
of cycles N
(id) the influence of number of piles

(iii) ‘the influence of loading rate.

Fig.5 plots,'for a single pile, the computed ultimate load capa-

city after cycling, Puc’ against the cyclic load amplitude PC,'for N=1000
cycles. ‘As would be expected, Pué decreases as Pc increases, and if

Pc = £8.5 MN, failure will occur during cyclic loading. At small values
of Pc’ the ultimate load capacity exceeds the static value of 18.6 MN

because of rate effects.

Also shown in Fig.S are the corresponding relationships between

PuC and Pc for.groups of 4 and 8 piles. The load capacity after cycling

is substantially reduced because of group effects, and failure during
cycling occurs at a cyclic load of about #6.5 MN. For Pc in excess of
_about 4 MN, the value of puc does not decrease with increasing PC
because the limiting degradation factor is reached along the length of
the pile. The significance of group effects can best be appreciated by

considering the séfety factor SF against ultimate failure for a typical

cyclic load of Pc = 3 MN (i.e. a total maximum load of 9 MN). .Referring

to Fig.5 for static conditions, SF is 18.6/9.0 = 2.07; and for a single
pile under cyclic loading, SF rises to about 2159‘= 2.3 because of rate

effects. However, for a group of 4, SF is reduced to 13.9/9 = i.S-and

for a group of 8, SF reduces even further to 12.5/9 = 1.4. Such reduc-

tions have obvious important implications in pile design.

Fig.6 shows stress and load distributions for a single pile and
-a pile in a group of 4 and 8 piles.‘ As the number of piles ihcreases,
smaller shear stresses are developed near the top of the pile and more
load is trénsferred to the lower portion and to the base. Consequently,
the nature of the bearing stratum will be of greater importance for a
pile group than for a single pile.

Fig.7 shows the decrease in pile load capacity and stiffnesé
with increasing numbers of cycles for a cyclic 1oéd of *3 MN. The

ultimate load will eventually asymptote to the value corresponding to

14
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the limiting degradation factors for skin and base resistances, but the
cyclic pile stiffness decreases more or less linearly with the logarithm

of number of cycles.

The important influence of including loading rate effects in the

 analysis is illustrated in Fig.8 for a single pile. With rate effects,

pile failure will occur after about *8.5 MN; however, if no rate effects
are present, a cyclic load of only about 5.2 MN will cause failure
after 1000 cycles.

The combined effects of cyclic load level and number of cycles
may be conveniently represented in the form of a contour diagram (Fig.9)
in which contours of load capacity after cycling, puc’ are plotted

against cyclic load Pc and number of cycles N. Such a diagram can be

- prepared by carrying out a series of analyses in which the cyclic load

level is progressively increased for a given number of cYcles, and
various numbers of cycles are considered. The use of this diagram for
estimating the effects of variable cyclic loading (e.g. "storm" loading

sequences) is discussed below.

6. VARIABLE CYCLIC LOADING .

 The. above solutions for cyclic response assume that the cyclic
1oad amplitude remains constant for the spec1f1ed number of cycles. For
the design of offshore foundatlons, cyclic loading due to wave action is
difficult to characterize by an equivalent number of cycles of uniform
cyclic 1oadbamplitude and it is usual to consider .a number of ""parcels"
of cyclic loading involving various numbers of cycles of cyclic load of
different amplitudes. In order to obtain an estimate of the effect of
such a cycllc loading sequence, an approximate graphical procedure has
been devised which is similar in principle to the procedure described

by Andersen (1976) for computing shear strains in a clay.

From the solutions obtained for cyclic loading of constant ampli-
tude, a series of contours of equal ultimate load capacity can be drawn
on a plot of cyclic load level versus number of cycles, as shown in Fig.9
for the example considered in the previous section. Thei"parcels” in the
cyclic loading sequence are then considered in turh, assuming that the

order of application of the parcels does not influence the final result.
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For the first c¢yclic load amplitude, P>

at the end of the appropriate number of cycles N, is determined from

the ultimate load capacity Pucl
this plot. At the next cyclic load level, P2’ the equiValent number of
cycles, Ne2’ to give this same ultimate load capacity Pucl is then
estimated from the contours. The second parcel of load (N2 cycles) is
taken as occurring from Ne2 to (Ne2 + N2) cycles of load of amplitude .
P2. At this point, the ultimate load capacity will be puc2’ and the

equivalent number of cycles, NeS’ to give this ultimate load capacity

‘at the next cyclic load level, P3, is determined. The procedure is

repeated until the entire cyclic load sequence is considered.

To illustrate the application of the above procedure, the follow-

ing cyclic loading sequence is considered:

900 cycles of + 1.0 MN
200 cycles of £ 2.0 MN
40 cycles of £ 3,0 MN

The construction for this sequence are shown in Fig.9. At the end of the
sequence, .the estimated load capacity is 14.2 MN. The above sequence

corresponds to approximately 90 cycles of load of amplitude 3 MN, and

~ hence the cyclic stiffness at the end of the loading sequence is most

easily obtained by determining the value for 90 cycles of *3 MN (in this
case, about 242 MN/m).

The applicability of the above procedure remains to be verified,
but it does appear to provide a simple and reasonably logical means of |
estimating the response of a pile to variable cyclic loading, or at the
very least, of determining an equivalent number of cycles of a given

cyclic load amplitude for which to carry out a detailed analysis of the

.pile response.

7. CONCLUSIONS

Cyclic lbading of a pile is characterized by two opposing
phenomena; cyclic degradation effects which tend to decrease both pile
capacity and stiffness, and loaqing rate effects which tend to inqreaée
these quantities. The analysis,described herein is a development of
earlier analyses, and takes both phenomena into account. In particular
it utilizes recent data”relating the cyclic degradation of skin friction

and soil modulus at a point on the pile to the cyclic displacement at -
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that point. Another important extension to the analysis is the incor-
poration of group effects. Since these tend to increase displacements,
they also tend to cause more severe degradation. The consequences of
group effects are demonstrated by an example which indicates that the
maximum cyclic load (per pile) which can be applied decreases signifi-
cantly as the number of piles in a group increases. The example also-
illustrates the important influence of loading rate in 1ncrea51ng both

load capac1ty and cyclic stiffness of the pile.

A procedure is suggested ‘for determining the behaviour of a pile
subjected to variable cyclic loading, using the solutions for constant
cyclic load magnitude. Such a procedure should prove useful for assess-

ing the effects of storm wave loading on offshore piles and pile groups.

Much work remains to be done before a proper ‘understanding of the
effects of cyclic loading can be achieved; this applles in partlcular to
piles in sand which appear to display a tendency to contlnuously accumu-

late permanent settlements, even at relatively low levels of cycliec load.
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