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Abstract: Piled foundations are often subjected to cyclic axial loads. This is particularly true for the piles of offshore struc-
tures, which are subjected to rocking motions caused by wind or wave actions, and for those of transport structures, which
are subjected to traffic loads. As a result of these cyclic loads, excessive differential or absolute settlements may be induced
during the piles’ service life. In the research presented here, centrifuge modelling of single piles and pile groups was con-
ducted to investigate the influence of cyclic axial loads on the performance of piled foundations. The influence of installa-
tion method was investigated and it was found that the cyclic response of a pile whose jacked installation was modelled
correctly is much stiffer than that of a bored pile. During displacement-controlled axial load cycling, the pile head stiffness
reduces with an increasing number of cycles, but at a decreasing rate; during force-controlled axial load cycling, more per-
manent settlement is accumulated for a bored pile than for a jacked pile. The performance of individual piles in a pile group
subjected to cyclic axial loads is similar to that of a single pile, without any evident group effect. Finally, a numerical analy-
sis of axially loaded piles was validated by centrifuge test results. Cyclic stiffness of soil at the base of pre-jacked piles in-
creases dramatically, while at base of jacked piles it remains almost constant.

Key words: piles, cyclic loads, centrifuge modelling, load-transfer analysis.

Résumé : Les fondations sur pieux sont souvent soumises à des charges axiales cycliques. Ceci est particulièrement vrai
pour les pieux des structures en mer qui sont soumises aux mouvements du vent et des vagues, ainsi que pour les structures
de transport soumises aux charges du trafic routier. En raison de ces charges cycliques, des tassements absolus ou différen-
tiels excessifs peuvent être induits durant la vie utile des pieux. Cet article présente des travaux de modélisation par centri-
fuge sur des pieux uniques ou groupés réalisés dans le but d’étudier l’influence des charges axiales cycliques sur la
performance des fondations sur pieux. L’influence de la méthode d’installation a été étudiée, et il a été déterminé que la ré-
ponse cyclique d’un pieu dont l’installation par vérin est modélisée correctement est beaucoup plus rigide que la réponse
d’un pieu foncé. Lors d’un chargement axial cyclique à déplacement contrôlé, la rigidité de la tête du pieu diminue avec
l’augmentation du nombre de cycles, mais en suivant un taux décroissant; lors d’un chargement axial cyclique à force
contrôlée, on observe plus de tassement permanent d’accumulé dans le cas d’un pieu foncé comparativement à un pieu placé
avec un vérin. La performance des pieux individuels dans un groupe de pieux soumis à des charges axiales cycliques est si-
milaire à celle d’un pieu unique, sans effet de groupe apparent. Enfin, une analyse numérique de pieux sollicités axialement
a été validée avec des résultats d’essais par centrifuge. La rigidité cyclique du sol à la base des pieux pré-vérinés augmente
de façon importante tandis qu’à la base des pieux vérinés elle demeure presque constante.

Mots‐clés : pieux, charges cycliques, modélisation par centrifuge, analyse de transfert de charge.

[Traduit par la Rédaction]

Introduction

Many piled foundations are subjected to cyclic axial loads,
particularly those supporting offshore structures, which may
experience rocking motions caused by wind and wave load-
ing (Chan and Hanna 1980). Additionally, some structures in
the transport system, such as viaducts, always transmit signif-
icant cyclic axial loads to their piled foundations during their
life. For instance, viaduct structures on the Singapore Mass
Rapid Transit System (Copsey et al. 1989) are supported on
a single line of columns, where cyclic loads from overhead
traffic are transmitted eccentrically to pile groups. Excessive
settlement of pile caps or differential settlement of piles

within one pile group may cause significant deformation or
rotation of overhead viaducts if the effect of cyclic axial
loads on piled foundations is not considered carefully during
design.
Many researchers have investigated the axial response of

bored or driven piles subjected to cyclic axial loads (e.g.,
Chan and Hanna 1980). Boulon et al. (1980) adopted a hy-
perbolic formulation in a finite element analysis to calculate
irreversible soil strains and therefore to predict the permanent
accumulated displacement of bored piles during axial load
cycling. Poulos (1981, 1989) investigated field test data of
the response of bored and jacked piles to cyclic axial loading,
and developed a modified boundary element analysis in
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which cyclic degradation of shaft resistance and incremental
permanent displacement could be estimated. Randolph
(2003) applied an unloading–reloading stress path in load-
transfer curves to simulate the cyclic degradation of shaft
friction of driven piles and to establish theoretical fatigue
curves. However, the cyclic degradation of base resistance is
ignored in most analyses due to a lack of test data.
Jacked piles are currently popular for use in urban con-

struction due to the minimal noise and ground vibration
caused during their installation (White et al. 2002; Deeks et
al. 2005). When compared with both bored and driven piles,
jacked piles show a stiffer base response due to the stiffening
effect of the final jacking stroke and exhibit a stiffer shaft re-
sponse due to the absence of friction fatigue regardless of the
soil type (White and Deeks 2007). The behaviour of jacked
piles and pile groups subjected to cyclic axial loads is, how-
ever, not yet fully understood.
The technique of centrifuge modelling involves subjecting

small-scale physical models to acceleration fields of magni-
tude many times the Earth’s gravity, such that full-scale pro-
totype stresses are reproduced correctly. If the same materials
are used in the centrifuge model as in the full-scale proto-
type, the identical constitutive behaviour seen in the two sit-
uations allows model behaviour to be interpreted via scaling
laws, such as those presented by Schofield (1980), to give the
behaviour of the prototype system. This similarity holds pro-
vided that continuum behaviour is occurring within the soil,
but can break down when the ratio between the particle size
and elements within the model becomes small.
The objective of this work is to investigate the influence of

pile installation procedures on the performance of jacked
piles subjected to cyclic axial loads. Three different installa-
tion protocols were used in the centrifuge. “Cyclic jacking”
corresponds quite closely to conventional pile jacking in the
field such as by the Giken method (White et al. 2002).
Model piles are pressed into the soil in-flight at high “g”,
with unload–reload cycles representing the successive reposi-
tioning of the jacking head as the pile is jacked in the field.
“Monotonic jacking” represents an idealized procedure more
easily achievable in a model than in the field, in which piles
are installed in-flight using a single installation stroke. “Pre-
jacking” refers to the jacking-in of the model piles prior to cen-
trifuging, at 1g. Although this pre-jacking insertion procedure
remains one of soil displacement, the consequential locked-in
stresses must be very small so that the outcome may be more
similar to the construction of a bored pile in the field.

Methodology

Test apparatus
Single pile and pile group tests were conducted at 50g in

the Turner beam centrifuge at the Schofield Centre, the Uni-
versity of Cambridge. A two-axis servo actuator (Haigh et al.
2010) was used to install the model pile or pile group as an
integrated assembly and then to apply cyclic loads, as shown
in Fig. 1. The displacements of the actuator were recorded
using linear encoders.

Model pile and pile group
A stainless steel tubular model pile was used for the single

pile tests, having an external diameter of 12.7 mm (0.635 m

at prototype scale), wall thickness of 0.7 mm (0.035 m at
prototype scale), and an embedded depth of 200 mm (10 m
at prototype scale). The pile tip was flat and closed-ended.
The pile was instrumented with two load cells to measure ax-
ial forces at the pile head and base separately. Pile head axial
displacements were measured using a linearly variable differ-
ential transformer (LVDT) mounted on the carrier plate of
the two-dimensional actuator. The assembled package for the
single pile load testing is shown in Fig. 1a.
The pile group used in centrifuge modelling consisted of

2 × 2 tubular steel piles at a spacing of four times the exter-
nal pile diameter. The piles each had an external diameter of
10 mm (0.5 m at prototype scale), wall thickness of 2 mm
(0.1 m at prototype scale), and an embedded depth of
180 mm (9 m at prototype scale). To avoid buckling of piles
during jacking installation, the ratio of wall thickness to ex-
ternal diameter of piles in the group was selected to be larger
than that of a single pile. The tips of individual piles were
also flat and closed-ended. An aluminium plate with dimen-
sions 70 mm × 70 mm × 35 mm (3.5 m × 3.5 m × 1.75 m at
prototype scale) was fabricated and mounted at the top of
piles to act as a rigid pile cap.
All the piles were instrumented with tip load cells to meas-

ure pile base resistance and instrumented with strain gauges
on their shaft above the sand surface to record pile head
force. Additionally, a multi-functional load cell was designed
and manufactured to measure the vertical and horizontal
forces and moment applied to the pile group as a whole. The
vertical displacements of the pile cap were measured using
laser sensors mounted under the two-dimensional actuator.
The assembled test set-up is presented in Fig. 1b.

Sand and container
Dry Fraction E silica sand was used in all tests. The sand

has a mean particle diameter, d50, of 218 mm measured using
the single particle optical sizing (SPOS) technique (White
2003). As the ratio of pile diameter to average grain size
was much larger than the limiting value of 20 suggested by
Gui et al. (1998), the sand should have behaved as a contin-
uum and grain-size scaling effects should be negligible. The
sand was pluviated into a cylindrical steel tub (850 mm di-
ameter and 400 mm deep) using an automatic sand-pouring
machine (Madabhushi et al. 2006), and a dense homogeneous
sand specimen with a relative density of 83% was achieved.
The ratio of container diameter to pile diameter was larger
than 65, and the ratio of the smallest side boundary separa-
tion (as well as the base boundary separation) to the pile di-
ameter was approximately 26. Thus, the boundary effects
should be negligible based on the conclusions of Gui et al.
(1998). The spacing between successive test sites was at least
15 times the pile diameter to nullify any effects due to
locked-in stresses induced in the sand by preceding tests.

Test program
During centrifuge testing, the cyclic loading rate was

chosen to be around 0.1 mm/s to obtain quasi-static behav-
iour. Detailed information on single pile and pile group cyclic
loading tests is presented in Table 1. In addition to the cyclic
tests a series of monotonic loading tests were carried out.
In each single pile cyclic loading test, displacement-controlled

cyclic loads were applied at the pile head. Force-controlled
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load cycles were conducted subsequently in some tests. In
pile group loading tests, only force-controlled load cycles
were conducted to investigate the cyclic axial response of
pile groups. It should be noted that all numerical values
quoted in the following text and in Table 1 are given at
prototype scale.

Experimental results

Single piles subjected to cyclic axial loads

Displacement-controlled load cycling
Figure 2 presents axial load–displacement curves for the

pre-jacked, monotonically jacked, and cyclically jacked piles
during displacement-controlled load cycles with an amplitude
of approximately 20 mm. It is seen that the head response of
the pre-jacked pile is much softer than that of the monotoni-
cally jacked and cyclically jacked piles. Figure 3 presents the
axial load–settlement response of a cyclically jacked pile dur-

ing axial load cycles with an amplitude of 65 mm. When
compared with the smaller load cycles for the same pile
shown in Figs. 2e and 2f, it can be seen that the reduction of
pile head stiffness with load cycling is significantly larger
during these bigger load cycles.
During axial load cycling, the maximum pile head force

recorded during a displacement cycle (Pmax,c) reduces with
increasing number of cycles, but at a diminishing rate, as
shown in Fig. 4a. The majority of the reduction takes place
within the first 10 cycles, consistent with the results of Pou-
los (1989). Poulos investigated the behaviour of piles in-
stalled in calcareous sands, whereas the work described here
involved silicaceous sand. The diminished crushability of sil-
icaceous sands relative to calcareous sands, as discussed by
Nauroy and Le Tirant (1983), does not change the significant
reduction in pile head stiffness observed during cyclic loading.
The reduction of Pmax,c derives from the loss of both pile

base resistance and shaft friction. The pile base maximum
force (Qmax,c) in each load cycle has a similar degradation

Fig. 1. Pile testing package: (a) single pile testing; (b) pile group testing. 2D, two-dimensional; LVDT, linearly variable differential transfor-
mer.

Table 1. Cyclic axial load information (prototype scale).

Test No. Type Method Load
Amplitude
(m)

No. of
cycles Load

Amplitude
(kN)

No. of
cycles

SP-PJ1 Single PJ D 0.025 30 — — —
SP-PJ3 Single PJ D 0.065 1 — — —
SP-MJ1 Single MJ D 0.02 10 F 4000 10
SP-CJ1 Single CJ D 0.02 10 — — —
SP-CJ2 Single CJ D 0.065 30 — — —
SP-CJ3 Single CJ D 0.05 1 — — —
SP-CJ4 Single CJ D 0.05 1 — — —
SP-CJ5 Single CJ D 0.05 1 — — —
SP-PJ2 Single PJ D* 0.025 10 F 1500 10
PG-PJ1 Group PJ — — — F 10 000 30
PG-MJ1 Group MJ — — — F 15 000 30

Note: PJ, pre-jacking; MJ, monotonic-jacking; CJ, cyclic-jacking; D, displacement controlled; F, force controlled.
*Test data not presented due to problems with cyclic loading operation.
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trend with increasing cycles to that of Pmax,c, as shown in
Fig. 4b. During the first 10 cycles, Qmax,c for the pre-jacked
pile reduces from 800 to 560 kN, while that of the monotoni-
cally jacked or cyclically jacked piles decreases from 4200 to
3425 kN. Qmax,c of the monotonically jacked or cyclically
jacked piles is approximately 5.3 times that of the pre-jacked
pile in the first cycle as a result of the higher mean effective
stress and local densification of the soil induced underneath
the pile base during installation. After 10 cycles, the ratio of
Qmax,c of the monotonically jacked or cyclically jacked pile to
that of the pre-jacked pile remained around 6.0, similar to

that in the first cycle. Thus the degradation in base resistance
seems to be independent of the stress state induced at the pile
base during installation.
For the cyclically jacked pile subjected to load cycles with

an amplitude of 65 mm, Qmax,c decreased from 7250 to
3250 kN within the first 10 cycles. Although Qmax,c in the first
cycle in test SP-CJ2 is 1.8 times larger than that in test SP-CJ1
due to the larger settlement in test SP-CJ2, Qmax,c in the 10th
cycle in both tests reaches a similar value, indicating that the
ultimate mobilized base resistance of the jacked pile under cy-
clic loads is little influenced by the displacement amplitude.

Fig. 2. Pile axial force–displacement curves in displacement-controlled cycles: (a) pre-jacked pile head load; (b) pre-jacked pile base force;
(c) monotically jacked pile head load: (d) monotically jacked pile base force; (e) cyclically jacked pile head load; (f) cyclically jacked pile
base force.
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In Fig. 2a, it can be seen that the pre-jacked pile head load
increases rapidly with increasing settlement during the initial
loading stage. However, the pile head load increases only
slightly when the settlement rises from 5 to 20 mm, display-
ing a local softening behaviour with a reduced pile head tan-
gent stiffness. When the settlement is larger than 20 mm the
pile head load increases again. In Fig. 2b, the pile base resist-
ance can be seen to increase with increasing settlement at a
constant rate during the first loading cycle; however, soften-
ing behaviour occurs and becomes increasingly evident dur-
ing axial load cycling. This phenomenon indicates that the
sand at the pile base is densified due to the axial load cy-
cling, and a gap between the pile base and soil is therefore
developed during displacement-controlled axial load cycles.
Consequently, all the pile head force comes from shaft fric-
tion when the settlement is below 5 mm. After peak shaft
friction is mobilized, the pile displays softening behaviour
and has little increase in resistance with increasing settlement
until the pile base contacts the soil underneath, allowing base
resistance to be mobilized.
This softening phenomenon does not occur during cyclic

axial loading tests for the monotonically jacked or cyclically
jacked piles with 20 mm amplitudes, because the final stroke
in the jacking installation has densified the soil under the pile
base. This softening phenomenon does, however, occur dur-
ing the jacked pile cyclic loading test with a 65 mm settle-
ment, as shown in Figs. 2e and 2f. The softening behaviour

of the jacked pile shows similar characteristics to that of the
pre-jacked pile as discussed above, indicating that the densi-
fication region of sand at the base of the jacked pile is further
expanded by large-amplitude cyclic axial loads.
Figure 5a presents the reduction of the maximum pile

shaft friction (SFmax,c) with the number of axial loading
cycles. When the pile is subjected to cyclic axial loads, the
pile shaft friction reduces due to a decrease in the normal
stress caused by cumulative contraction of the sand within
the shear zone close to the pile–soil interface, in the phenom-
enon known as friction fatigue (White and Lehane 2004). In
each loading cycle, although dilation occurs in the shear zone,
the shear band contracts significantly after reversal of the
loading direction, leading to some net contraction per cycle.
Although the radial stresses in the soil surrounding the

monotonically jacked or cyclically jacked pile are much
greater than those surrounding the pre-jacked pile, SFmax,c
for all piles shows a similar degradation trend, i.e., reducing
by about 220 kN during 10 loading cycles with an amplitude
of 20 mm. It is thus indicated that the cumulative contraction
of sand within the shear zone surrounding the interface is not
influenced significantly by the initial effective stress level.
Therefore, cyclic axial loads with a certain amplitude would
induce a similar reduction of radial stress and shaft friction
for piles with different installation methodologies.
For the cyclically jacked pile subjected to axial load cy-

cling, SFmax,c reaches 1925 kN in the first 65 mm amplitude

Fig. 3. Cyclically jacked pile axial force–displacement curves in displacement-controlled cycles with an amplitude of 65 mm: (a) pile head
load; (b) pile base force.

Fig. 4. Maximum force of piles during displacement-controlled loading cycles: (a) pile head load; (b) pile base force.
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cycle, about 2.5 times as large as that mobilized in the first
20 mm amplitude cycle. SFmax,c decreases to 1000 kN after
10 cycles, then remains almost constant in the following
cycles. The total reduction of shaft friction is approximately
four times greater than that with small amplitude cycles, re-
vealing that the contraction of soil and the decrement of ra-
dial stresses in the soil along the pile shaft increases rapidly
with increasing amplitude of cyclic displacement. This matches
the element test results presented by Uesugi et al. (1989).
In Figs. 2a and 3a, the pile head minimum force (Pmin,c)

observed during the unloading stage in each cycle is essen-
tially the maximum negative shaft friction. For the pre-jacked
pile, Pmin,c decreases from –750 to –425 kN after load cy-
cling; for the cyclically jacked pile with large amplitude cy-
cling, Pmin,c reduces from –2000 to –1000 kN during axial
load cycling, as shown in Fig. 5b. It is worth noting that the
negative shaft friction has a similar degradation trend to the
positive shaft friction during axial load cycling, exhibiting a
symmetric degradation of shear stresses during two-way cy-
clic shearing along the pile shaft.

Force-controlled load cycling
Figure 6a presents the pile head axial load-settlement re-

sponse of the pre-jacked pile in force-controlled cycles with
an amplitude of approximately 1500 kN. A softening behav-
iour appears in the first force-controlled cycle because of the
gap developed between the pile base and soil during previous
displacement-controlled load cycling, as discussed above.
During the force-controlled cycles, this gap reduces and the
pile head response becomes much stiffer, while evident per-
manent settlement occurs.
Compared with the constant Pmax,c observed during cy-

cling, Qmax,c of the pre-jacked pile increases gradually with
an increasing number of axial load cycles, especially in the
first couple of cycles, as shown in Fig. 6b. One of the rea-
sons is that the pre-jacked pile needs a larger settlement to
reach Pmax,c in the first load cycle than it does in succeeding
cycles due to the pile base gap developed during previous
displacement-controlled cycles, inducing larger shaft friction
gained in the first cycle than the following cycles. Another
reason for the increment of Qmax,c is that soil underneath the
pile base is densified and its stiffness increases gradually due
to axial load cycling. Meanwhile friction fatigue causes soil
along the pile–soil interface to contract in volume and radial

stresses acting on the pile shaft to reduce gently during load
cycling. Therefore, some load is transferred from the pile
shaft to the base during axial load cycling.
At the initial stage of each cycle, an upward force was applied

to the pile head resulting in the softening response of pile base
resistance shown in Fig. 6b. The reason for the base softening is
the separation between the pile base and sand underneath, similar
to that observed during displacement-controlled loading cycles.
Figures 6c and 6d present the response of a monotonically

jacked pile subjected to cyclic axial loads. Pmax,c of the mo-
notonically jacked pile remains at around 3800 kN and Qmax,c
at approximately 3500 kN without any variation during force-
controlled load cycling. The load distribution between the
pile shaft and base did not change significantly during axial
load cycling, because sand adjacent to the pile had been den-
sified during the jacked installation.
The pile head permanent settlement (Smin,c) and maximum

settlement (Smax,c) in each load cycle increased with increas-
ing number of cycles, as shown in Fig. 7. Although the load
amplitude for the pre-jacked pile is only one third of that for
the monotonically jacked pile, the growth rates of Smin,c and
Smax,c for the pre-jacked pile are larger than those for the
jacked pile. This indicates that greater permanent deformation
occurs at the base of the pre-jacked pile owing to cyclic axial
loads than at the base of the monotonically jacked pile under
which the soil has been densified during the jacked installation.
This previously compacted soil has a much lower tendency to
contract further during subsequent axial load cycling.
The pile head cyclic axial secant stiffness (Ks,c) is defined

as the ratio of the pile head load amplitude to the pile head
settlement in each cycle, excluding the permanent settlement
accumulated in previous cycles. Figure 8 presents that Ks,c of
the pre-jacked pile increases with increasing number of axial
load cycles, while Ks,c of the monotonically jacked pile stays
almost constant with increasing number of cycles. The reason
is that the sand adjacent to the pre-jacked pile becomes
denser during force-controlled load cycling, while the density
of the soil close to the monotonically jacked pile is not af-
fected significantly by the cyclic axial loads due to the pre-
densification of soil during the jacked installation.

Pile groups subjected to cyclic axial loads
Figure 9a presents pile cap axial load–settlement response

of a pre-jacked pile group during 30 force-controlled compres-

Fig. 5. Maximum shaft friction during displacement-controlled loading cycles: (a) positive shaft friction; (b) negative shaft friction.
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sion loading cycles, with a force amplitude of 10 000 kN. The
loading curve in the first cycle exhibits evident nonlinearity
of soil in the virgin state, with the gradient reducing with
increasing lateral displacement. In the following cycles, the
unloading and reloading curves are relatively stiffer than
those in the first cycle.
The base response of the pre-jacked pile group subjected

to cyclic axial loads is illustrated in Fig. 9b. The maximum
pile base force in each axial load cycle (Qmax,c) increases
gradually with the increasing cycle numbers, increasing by

900 kN during 30 loading cycles in total. The load transfer-
ring from shaft to base is similar to the cyclic behaviour of a
single pre-jacked pile, as discussed above.
Figures 9c and 9d present the response of a monotonically

jacked pile group subjected to cyclic axial loads. It seems
that the axial behaviour of the jacked pile group is much
more linear and stiffer than the pre-jacked pile group, espe-
cially in the first couple of cycles. The pile cap load rose to
15 000 kN and then reduced to zero in each cycle, while the
pile base force was raised to 10 000 kN and then locked at

Fig. 7. Pile head settlement variation during force-controlled loading cycles: (a) permanent settlement; (b) maximum settlement.

Fig. 6. Pile axial force–displacement curves during force-controlled cycles: (a) pre-jacked pile head load; (b) pre-jacked pile base force;
(c) monotically jacked pile head load: (d) monotically jacked pile base force.
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1800 kN after unloading, indicating that negative friction
along the pile shafts was induced, similar to that observed in
the pre-jacked pile group test. However, pile shaft friction did
not transfer to base resistance during axial load cycling due
to the high relative density of the sand adjacent to the jacked
pile group.
The pile cap permanent settlement (Smin,c) and maximum

settlement (Smax,c) in each load cycle increased with increas-
ing number of cycles, as shown in Fig. 10. Smin,c of the pre-
jacked pile group is especially large in the first load cycle be-
cause the virgin soil at the pile base is easily densified and
significant plastic deformation is therefore induced. Similar
to the single pile behaviour, although the load amplitude for
the pre-jacked pile group is smaller than that for the jacked
pile group, the growth rates of Smin,c and Smax,c for the pre-
jacked pile group are much larger than those for the jacked
pile group. Smin,c for the pre-jacked pile group reaches
0.28 m (55% D, where D is the pile diameter) after 30 axial
load cycles, which is approximately seven times that for the
jacked pile group.
In Fig. 11, the cyclic axial secant stiffness (Ks,c) at the cap

of the pre-jacked pile group increases with the increasing
number of axial load cycles, while Ks,c of the monotonically
jacked pile group remains almost constant during axial load
cycling. This variation of Ks,c has the same characteristic as
that in single pile tests, proving again the effect of cyclic ax-
ial load on the local densification and stiffness enhancement
of soil adjacent to piles.

Load-transfer analysis

Parameter selection approach
In the load-transfer method, the pile shaft is divided into a

number of sections, each with its own compression stiffness,
and the soil continuum is idealized as a number of separate
horizontal layers, each with its own load-transfer curve, as
shown in Fig. 12. These curves, expressing the relationship
between the shear stress applied at the pile shaft and the local
displacement of soil, are thought of as the integrated effects
of soil shear strains in the radial direction (Randolph 2003).

In the traditional load-transfer method, a series of parabolic
curves is usually used to describe the relationship between
the shear stress, ts, and the normalized pile displacement,
ws/ro, along the pile shaft, where ws is the displacement of
the pile shaft and ro is the pile radius. The load–displacement
response of the pile base, qb–wb, is also assumed to be a
parabolic curve with an initial gradient, kb,ini, related to the
initial soil shear modulus, Gs,ini.
The initial gradient of the ts–ws/r0 curve, ks,ini, is assumed

to depend on the initial soil shear modulus, Gs,ini (Randolph
and Wroth 1978), and the relationship between ks,ini and Gs,ini
is expressed by eq. [1]

½1� ks;ini ¼ Gs;ini

z

where z is the dimensionless extent of the zone of influence
(around 4 for typical pile geometries), giving ks,ini = Gini/4.
Assuming that the soil above the pile base is actively

sheared by the pile shaft movements and thus has little effect
on the stiffness of the pile base, the elastic rigid punch solu-
tion for the settlement of a footing can be applied to estimate
the pile base settlement (wb) using eq. [2] (Timoshenko and
Goodier 1970)

½2� wb ¼ pð1� nÞ
8

qb

G
D

where n is the Poisson’s ratio of the soil, qb is the pile base
resistance, G is the soil shear modulus, and D is the pile dia-
meter.
Equation [2] can be rearranged to give eq. [3], linking the

secant gradient of the qb–wb curve (kb,s) and the secant shear
modulus of the soil at the pile base, Gb,sec.

½3� kb;s ¼ qb

wb

¼ 8

pð1� nÞDGb;sec

Thus the initial gradient (kb,ini) and secant gradient at the
punching point (kb,sf) of the qb–wb parabolic curve can be ex-
pressed by eqs. [4] and [5]

½4� kb;ini ¼ qb

wb

����
ini

¼ 8

pð1� nÞDGb;ini

½5� kb;sf ¼ qbf

wbf

¼ 1

2
kb;ini ¼ 4

pð1� nÞDGb;ini

where qbf is the ultimate base capacity and wbf is the settle-
ment to mobilize the ultimate base capacity.
Based on the parabolic model described above, Deeks

(2008) conducted a parametric investigation of pile base re-
sponse by back-analysis of centrifuge test results. As jacked
installation improves the density and effective stress of soil
adjacent to the pile, it therefore causes soil stiffness to rise.
Deeks (2008) hence linked the in situ small-strain shear mod-
ulus, G0, to the initial shear modulus of the soil under the
jacked pile base, Gj,ini, using a modification factor (cGJ) of
about 1.4, as expressed by eq. [6]. Because pile jacking has
a similar enhancement effect on the stiffness of the soil sur-
rounding the pile shaft, the initial shear modulus of the soil
surrounding the pile shaft is assumed to have the same rela-
tionship with G0 as the soil under the base.

Fig. 8. Pile head secant stiffness during force-controlled loading cy-
cles.
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½6� Gj;ini ¼ cGJG0 � 1:4G0

A modification factor for shear modulus is also applied in
the analysis of bored pile behaviour. The base stiffness of a
bored pile is approximately one-sixth that of an equivalent
jacked pile (Lee and Salgado 1999; Lehane et al. 2007), as
the soil adjacent to the bored pile is disturbed and its effec-
tive stress drops during the drilling process. The shear modu-
lus of soil for bored pile analysis (Gb,ini) can thus be
estimated using eq. [7]. The same value of cGB is applied to
the soil surrounding the bored pile shaft.

½7� Gb;ini ¼ cGBG0 � 1:4

6:5
G0 ¼ 0:215G0

The in situ small-strain shear modulus of soil, G0, can be
calculated following Oztoprak and Bolton (2012), using
eq. [8]

½8� G0 ¼ pa
5760

ð1þ eÞ3
p0m
pa

� �0:5

where pa is atmospheric pressure, p0m is mean effective stress
of the soil, and e is void ratio of the soil.

Fig. 9. Cyclic axial force–displacement curves of pile groups: (a) cap load of pre-jacked pile group; (b) base force of pre-jacked pile group;
(c) cap load of monotically jacked pile group: (d) base force of monotically jacked pile group.

Fig. 10. Variation of pile cap settlement during force-controlled
loading cycles.

Fig. 11. Pile cap cyclic axial secant stiffness during force-controlled
loading cycles.
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ks,ini of the parabolic ts–ws/r0 curve for soil along the pile
shaft at different depths can thus be calculated using eqs. [1],
[7], and [8]. kb,ini and kb,sf of the qb–wb curve can also be cal-
culated using eqs. [5], [6], and [8].

Response of axially loaded piles and pile groups

Single piles
Deeks (2008) found that most of the jacked pile base ca-

pacity for sands is mobilized at a settlement of 5%–7% of the
pile diameter (D). Accordingly, the displacement to mobilize
ultimate pile base capacity (wbf) is taken as 6% D for the
monotonically jacked and cyclically jacked piles in this
load-transfer analysis. By comparison, Lee and Salgado
(1999) found that the bored pile ultimate base capacity in
sand is fully developed at a settlement of 20% D from fi-
nite element analyses. Therefore, wbf for the bored pile sim-
ulation is taken to be 20% D in the load-transfer analysis.
The ultimate base capacity (qbf) can be calculated using

the known values of kb,sf and wbf in eq. [5], and thus the qb–
wb curve for the bored or jacked pile can be expressed using
eq. [9], as shown in Fig. 13a.

½9� qb ¼ qbf � kb;ini

2

ðwb � wbfÞ2
wbf

It can be shown that the maximum shaft friction close to
the pile base (tsf,max) is always within a range of 0.5% to 2%
of ultimate base resistance qbf (e.g., Vesic 1977; Fleming et

al. 1992), thus tsf,max is taken to be 1.0% of qbf here. Based
on the known value of tsf,max and ks,ini, wsf /r0 can be calcu-
lated using eq. [10], and the ts–ws/r0 curve for the soil at the
bottom of the pile shaft can be obtained using eq. [11], as
shown in Fig. 13b.

½10� wsf

r0
¼ tsf;max

ks;sf
¼ 2tsf;max

ks;ini

½11� ts ¼ tsf;max � ks;ini

2

ðws � wsfÞ2
wsfr0

where wsf is the displacement to mobilise the maximum shear
stress, ks,sf is the secant gradient at the punching point of the
ts–ws/r0 curve, ks,ini is the initial gradient of the ts–ws/r0
curve, and ts is the shear stress.
Because the peak shaft friction, tsf, is proportional to the

radial stress of soil surrounding the pile shaft, it is assumed
that tsf reduces from tsf,max to zero with the decreasing em-
bedded depth at the same reducing rate as the effective verti-
cal stress of soil. Thus, a series of ts–ws/r0 curves for the soil
along the pile shaft at different depths can be achieved by
putting these calculated ks,ini and tsf values into eqs. [10] and
[11] , simply replacing tsf,max with tsf at different depths.
The load–settlement response of the bored pile under mon-

otonic axial loads in the load-transfer analysis is presented in
Figs. 14a and 14b. The pile head and base responses of the
bored pile in the load-transfer analysis are consistent with the
pre-jacked pile behaviour measured during centrifuge tests.
Pre-jacking at 1g did not induce any significant change of
soil effective stress. However, when the centrifuge swung up
from 1g to 50g, the pile was held in the same position while
the soil settled downwards as vertical effective stresses rose.
Consequently, shear deformation developed in the soil along
the pile shaft resulting in a downdrag friction along the pile
shaft. The mean effective stress below the pile base is hence
not as large as that at the same depth in the far-field. The
stiffness of soil adjacent to the pile, especially under the pile
base, is therefore smaller than that of virgin soil at the same
depth. The agreement between results from load-transfer
analysis and centrifuge tests reveal that the effect on the soil
stiffness reduction is comparable to that caused by the drill-
ing process in bored pile construction.
It is seen that load-transfer analysis overestimates the

head load measured during centrifuge tests at low displace-
ments. This is because the relative displacement (the ratio
of displacement to pile diameter) needed to mobilize peak
shaft friction in centrifuge tests is larger than that in field
tests. This is due to the scale effect caused by the small
diameter of the model pile inducing unrealistically small
pile shaft stiffness in the centrifuge results (Garnier and
Konig 1998).
The load–settlement response of a jacked pile subjected

to monotonic axial loads is presented in Figs. 14c and 14d.
The head and base responses of the jacked pile in the load-
transfer analysis match well with the centrifuge test results.
The scale effect in jacked pile centrifuge modelling is not
as considerable as with the pre-jacked pile because the dila-
tion of sand surrounding the jacked pile is suppressed to
some extent due to the large radial stress caused by the
jacked installation.

Fig. 12. Idealization of pile in load-transfer analysis (Randolph
2003): (a) actual pile; (b) idealization of pile.
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Pile groups
According to the centrifuge test results, each pile in a pile

group exhibits the same axial behaviour. The response of an
individual pile is estimated and discussed here. Similar to
bored pile analysis for a single pile, the displacement to mo-
bilize pile base ultimate capacity (wbf) is taken to be 20% D
and the initial shear modus of soil surrounding the pile group
is taken to be 0.215G0.
Figures 15a and 15b show a comparison between the re-

sponse of an individual pile within the group and that pre-
dicted by bored pile load-transfer analysis without the

application of any interaction factors. The slightly softer re-
sponse of the axially loaded pile in the pile group centrifuge
test results indicates the negative interaction effect of the pre-
jacked pile group on the axial stiffness of individual piles.
Additionally, similar to single pile behaviour, the initial pile
head axial stiffness is smaller than that predicted by load-
transfer analysis due to the scale effect on the shaft friction
discussed previously.
When predicting the behaviour of a pile within a jacked

pile group, the displacement required to mobilize ultimate
pile base capacity (wbf) is taken to be 6% D and the initial

Fig. 13. Load-transfer curves for axially loaded pile analysis: (a) qb–wb/r0;( b) ts–ws/r0.

Fig. 14. Load–settlement responses of single piles: (a) bored pile head response; (b) bored pile base response; (c) jacked pile head response:
(d) jacked pile base response.
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shear modus of soil adjacent to the pile group is taken to be
1.4G0, as for a single pile, i.e., without applying any interac-
tion factors.
Figures 15c and 15d present the response of an individual

pile in the jacked pile group based on load-transfer analysis
and centrifuge test data. It is seen that the settlement at the
punching failure point in the load–displacement curve ob-
tained from centrifuge test data is slightly smaller than that
predicted by the load-transfer analysis. However, the pre-fail-
ure axial load–settlement response and the post-failure ulti-
mate capacity match well. A negligible group effect is
observed for the base behaviour of the jacked pile group,
which is consistent with the conclusion drawn by Yetginer et
al. (2006). This is due to the fact that each pile receives addi-
tional lateral stress from the installation of adjacent piles in
the pile group, while the interaction of the loaded regions
around each pile counters this benefit. Accordingly, the pa-
rameters used for single pile analysis can predict the behav-
iour of axially loaded pile groups without the application of
interaction factors.

Back-analysis of the cyclic stiffness of soil
Soil at pile bases tends to be densified, and its stiffness is

likely to change during axial load cycling, as discussed above.
The load-transfer method was applied here to back-analyse
the response of cyclically loaded piles and pile groups. The

shear modulus of soil in each load cycle (Gc,ini) was obtained
using curve-fitting to centrifuge test results. All of the pa-
rameters used in the cyclic load-transfer analysis are the
same as those used in the analysis of monotonically loaded
piles, except that wbf of pre-jacked piles was taken to be 6%
D because the stiffness of soil at the pile base improved
dramatically after the first cycle of loading. The displace-
ment to mobilize the base bearing capacity in the following
cycles is thus similar to that of jacked piles.
During the response of piles subjected to displacement-

controlled cyclic loads, degradation of the overall secant stiff-
ness in the axial response of piles is caused mainly by the
permanent deformation of soil rather than by changes of cy-
clic stiffness, which remains largely unaffected. The back-
analysis of soil stiffness was therefore only conducted for
force-controlled cyclic loading tests where the axial response
of a pile is more closely related to the soil stiffness. It should
be noted that the pile head permanent settlement accumulated
during each force-controlled load cycle is not taken into ac-
count in this analysis.
Gc,ini of the sand at the pile base when subjected to cyclic

axial loads has beend estimated and is shown in Fig. 16a. Gc,

ini of sand below the base of the pre-jacked pile is much
smaller than that below the base of the monotonically jacked
pile, which benefits from the stresses exerted during jacked
installation. Gc,ini of the sand at the base of the pre-jacked

Fig. 15. Load–settlement responses of an individual pile in a pile group: (a) bored pile head response; (b) bored pile base response; (c) jacked
pile head response: (d) jacked pile base response.
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pile increases by approximately 50% while at the base of the
monotonically jacked pile it increases by just 12% during 10
force-controlled load cycles.
Gc,ini of soil below the base of individual piles in pile

groups is presented in Fig. 16b. Gc,ini below the pre-jacked
pile group is much smaller than that below the jacked pile
group due to the jacking installation effect. This is especially
true during the first loading cycle during which the stress at
the pile base in the pre-jacked pile group is less than that of
the virgin soil at the same depth, as noted in the discussion
on monotonic loading analysis. Moreover, as seen with single
piles, Gc,ini at the base of the pre-jacked pile group increases
dramatically due to densification of the sand caused by cyclic
axial loads, while Gc,ini at the base of the jacked pile group
only shows a slight increase during axial load cycles because
the soil has previously been densified during the installation
process.

Conclusions

The performance of piles and pile groups subjected to cy-
clic axial loads was investigated. It has been shown that the
pre-jacked (“bored”) pile head response is much softer than
for monotonically jacked or cyclically jacked piles during ax-
ial load cycling. This is caused by the stress and stiffness in-
crease of soil adjacent to the jacked pile during installation.
During displacement-controlled axial load cycling, the pile

head maximum force reduces with increasing number of
cycles, but at a reducing rate owing to the loss of pile base
resistance and shaft friction. The ultimate mobilized base re-
sistance of the jacked pile after displacement-controlled axial
load cycling is independent of the cyclic displacement ampli-
tude. However, a softening behaviour of the pile base might
occur under cyclic axial loads with large amplitudes caused
by the local densification of sand. This causes a gap to de-
velop between the pile base and the sand underneath as the
pile is unloaded.
The results of the displacement-controlled axial loading

show that the shaft capacity of the jacked piles is higher
than that of the pre-jacked piles. The change of maximum
shaft friction of a pre-jacked pile is, however, similar to that
for a jacked pile, indicating that the cumulative contraction of

the sand within the shear zone surrounding the interface is
not affected by the jacked installation. However, this cumula-
tive contraction of sand increases with increasing amplitude
of cyclic displacement.
During force-controlled axial load cycling, more perma-

nent settlement is accumulated for a pre-jacked pile than for
a jacked pile. Pre-jacked pile head stiffness increases with in-
creasing number of force-controlled axial load cycles, while
that of a jacked pile remains almost constant with increasing
number of cycles. These effects are due to greater plastic de-
formation already having occurred at the base of the jacked
pile during installation.
The head load of the pre-jacked pile gradually transfers

from the pile shaft to the base during force-controlled axial
load cycling. This is due to the fact that soil underneath the
pile base is densified and its stiffness increases gradually
while shaft friction decreases due to friction fatigue during
axial load cycling. The load distribution between pile shaft
and base for a jacked pile does not change significantly dur-
ing load cycling as sand adjacent to the jacked pile has been
densified during the installation process.
The performance of individual piles in a pile group subjected

to cyclic axial loads is similar to that for single piles, no evident
group effect being observed during axial load cycling.
A parameter selection approach based on the load-transfer

method was developed to simulate the response of axially
loaded piles, this approach being validated by centrifuge test
data. Moreover, back-analysis of centrifuge test data was con-
ducted to investigate the variation of cyclic stiffness of soil
(Gc,ini) during axial load cycling. Gc,ini at the base of a pre-
jacked pile or pile group increases dramatically due to the lo-
cal densification of sand, while Gc,ini at the base of a jacked
pile or pile group remains almost constant because the soil
has been densified during the installation process.
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Fig. 16. Cyclic stiffness of soil at bases of piles: (a) single piles; (b) pile groups.
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