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ARTICLE INFO ABSTRACT

Keywords: It is evident from model testing, field studies and theoretical considerations that the strength of a soft clay can
Piles reduce and then recover — potentially to above the initial value — as a result of cyclic loading followed by
Soft clay . consolidation. For piled foundations and well conductors, these changes in soil strength and the resulting lateral
]ézt;:;llliil(;?idc::g resistance affect their stiffness, capacity and fatigue. This paper introduces a new model for the cyclic lateral ‘p-y’

response of a pile in soft clay, using concepts from critical state soil mechanics, combined with a parallel Iwan
model to capture the hysteric response. Example analyses show that the model can capture the general forms of
behaviour observed in model tests, and is rapid and simple to implement. The model provides a new basis for
whole life modelling of piles and well conductors, allowing changes in stiffness and capacity to be simulated, as
well as improved modelling of fatigue accumulation. This approach allows more reliable design, quantifying the
benefits and risks associated with evolving soil strength.

1. Introduction

Pile foundations and oil and gas well conductors rely on lateral
support from the soil to resist horizontal loads. The part of a well
conductor immediately below the seafloor acts as a laterally-loaded pile
that provides restraint for the well sections below and above. It is con-
ventional for the soil reaction on piles and conductors to be reduced to a
single degree of freedom ‘p-y’ non-linear spring, which describes the
lateral resistance offered by the integrated effect of the soil around the
pile. In soft clay, theoretical solutions exist to link the elastic stiffness
and plastic strength of the soil to the initial p-y stiffness and the limiting
resistance, p,, on the pile, respectively (Baguelin et al. 1977, Randolph
and Houlsby 1984). Empirical approaches, calibrated to field tests, have
been used to define the full p-y load-displacement response (e.g. Mat-
lock 1970).

It has long been recognised that cyclic loading causes softening of
clay due to pore pressure generation, and methods exist to estimate the
resulting cyclic strength for design calculations (e.g. Andersen et al.
1988). For laterally-loaded piles, modifications to the monotonic p-y
response have been proposed to allow for the effects of cyclic loading,
which generally involve a factoring down of the static lateral resistance
(e.g. Doyle et al. 2004). A further adjustment for the strain rate during
cyclic loading compared to static laboratory tests may compensate for
this reduction. Also, more sophisticated methods exist to convert a

* Corresponding author.
E-mail address: david.white@soton.ac.uk (D.J. White).

https://doi.org/10.1016/j.compgeo.2021.104519

history of cyclic loading into a specific p-y response (Erbrich et al. 2010,
Zhang et al. 2017, Komolafe and Aubeny 2020).

Recent studies have also highlighted that dissipation of the pore
pressure generated by undrained cyclic loading leads to reconsolidation
and recovery of the soil strength. Model tests of ‘episodic’ cyclic loading
— i.e. with sets of cycles interspersed by periods of consolidation — by
Zhang et al. (2011) showed the pile head lateral stiffness fall to 40% of
the initial value during an initial cyclic episode, but then rise by a factor
of 2 following subsequent consolidation periods. Further results pre-
sented by Doherty et al. (2019), Lai et al. (2020) and Guevara et al.
(2020) show similar trends in more detail, illustrating the effects of
cyclic amplitude, pile length and different patterns of cycling and
waiting periods. The observed changes in p-y stiffness are significant and
affect the stability, stiffness and fatigue rate of piles and well conductors.

The same process of cyclic softening followed by consolidation and
strengthening has been recognised in the behaviour of pipelines, foun-
dation and anchors on soft clay seabeds, and has been captured by
simple design-focused models based on critical state soil mechanics (e.g.
Boukpeti and White 2017, Cocjin et al. 2017, DNV-GL 2019, Zhou et al.
2020). The purpose of this paper is to outline a model for the lateral p-y
response of piles that captures these same underlying mechanisms.

The proposed p-y model consists of two components:
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e A critical state-inspired (CSI) model for hardening and softening of
the p-y response

e A parallel Iwan (PI) model (Iwan 1966) for the hysteretic non-
linearity of the p-y response

Referred to as the PICSI (parallel Iwan critical state-inspired) model,
it tracks the softening caused by lateral pile movement and straining of
the surrounding soil, as well as the hardening caused by consolidation
over time. The net effect of the softening and hardening varies with time,
and is used to scale the strength and stiffness within the PI model of the
lateral pile response.

2. CSI model for hardening and softening
2.1. Overview

The PICSI model uses an analogue of the voids ratio — strength
relationship that underpins critical state soil mechanics, augmented by a
minimum of additional features to replicate model test observations.
Voids ratio is replaced with a hardening index, H (0 < H < 1), and the
mean effective stress is replaced by the undrained strength, s, (nor-
malised by an initial value, s,,;), as illustrated in Fig. 1. H = 0 is the initial
condition and H = 1 is the ultimate limiting condition.

The model represents the behaviour of soil that is initially on the ‘wet
side’ of the critical state, meaning that the soil has a tendency to densify
on shearing, eventually reaching a higher undrained strength. Contin-
uous cycling from the initial state results in excess pore pressure that
temporarily reduces the undrained strength. The pore pressure effect is
captured by a proxy parameter called the damage index, D (0 < D < 1).
Consolidation causes densification and hardening through the dissipa-
tion of pore pressure. This is captured in the model by a time-dependent
reduction in damage index concurrent with an increase in hardening
index, which is analogous to consolidation following an unload-reload
path — we therefore define the slope of this path using «*. In the initial
state (H = 0), the minimum strength is s, » = s,i/Sip where Sy is the
initial sensitivity. As the soil progressively densifies, the sensitivity re-
duces to unity. The behaviour therefore converges towards a maximum
or final strength, s, s, which is related to s, ; via the parameter 1*. This
parameter is analogous to the slope of the critical state line, which is also
linked to the potential change in soil strength from densification, as
illustrated by interpretation of the Atterberg limit tests (Wroth and
Wood 1978).

In conventional critical state models, there is a single unique (critical
state) strength for a given hardening level. In this present model, the soil
strength for a particular hardening value is instead bracketed by initial
and remoulded values of strengths (an approach proposed previously by
White & Hodder (2010), and other subsequent publications). This
feature provides a range of potential strengths for any hardening value,
rather than a single critical state value, which allows the model to
exhibit remoulding and recovery of strength.

The interaction between damage, consolidation and hardening is
illustrated in Fig. 1. The three paths labelled A-C represent continuous
cyclic loading at different rates relative to the consolidation process are
identified to show the potential ways that the undrained strength can
evolve. The ‘fast’ case A involves negligible consolidation, so the
strength simply falls from the initial to the remoulded value, as observed
in cyclic T-bar tests and cyclic lateral pile tests in which negligible
consolidation occurs (e.g. Stewart and Randolph 1991, Doyle et al.
2004). The ‘slow’ case C involves a high level of consolidation between
each cycle or shearing stage, so the effect of consolidation and hardening
eclipses the generation of pore pressure and softening. As a result, the
strength rises with every cycle, converging towards the limit. The same
behaviour has been observed in axial pipe-seabed sliding tests (Smith
and White 2014), interface shear box tests (Boukpeti and White 2017)
and episodic T-bar penetrometer tests (Cocjin et al. 2014). However, we
are not aware of any lateral pile tests in soft clay that have been
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conducted with sufficient consolidation between cycles to match this
trend. Case B represents continuous cycling at a rate that is intermediate
between A and C.

Case E represents episodic cycling, in which packets of fast cycles are
interspersed with periods of consolidation. In this case, the softening
during each cyclic period is followed by hardening, as the effect of pore
pressure dissipation eclipses the effect of generation. The net result is a
rise in strength and stiffness, and a reduction in the sensitivity observed
in each packet. This trend matches published results from various model
testing studies of lateral pile behaviour (Zhang et al. 2011, Doherty et al.
2019, Guevara et al. 2020, Lai et al. 2020) as well as analogous studies of
cyclic T-bar penetrometer tests (White & Hodder 2010) or plate anchor
loading (Zhou et al. 2020).

2.2. Governing equations

2.2.1. Current strength
The current normalised strength, s,/s,; depends on the current
hardening, H, and damage, D. An equilibrated strength, s, . is defined as
the strength at the current H when D = 0 (Eq. (1)):
S H
=1+ 1
h @

Su,i
The current strength, s, is therefore:

Su 1
a =1-D (1 Sl> 2
A general form of the geometry of the model (Fig. 1) allows the

sensitivity to fall with the hardening, from S;=SpyatH=0toS;=1atH
= 1, at a rate set by the power, g:

S =14(So—1)(1—-H)* 3

This tendency for the sensitivity of a sample to diminish through
repeated episodes of cyclic shearing and consolidation has been
observed in T-bar penetrometer tests (Hodder et al. 2009) — which are
analogous to large-amplitude lateral pile motion — and also during cyclic
lateral loading of piles (Zhang et al. 2011). This trend of S; given by Eq.
(3) can be interpreted as there being no tendency for pore pressure to be
generated once H = 1, because the soil is at a critical state under the
equilibrated effective stress (i.e. when D = 0). The sensitivity therefore
falls to 1 and the damage and hardening processes stop.

In an initial burst of cyclic loading, taking place over a short time so
that consolidation and hardening is minimal (i.e. H = 0), the strength
changes from an initial value (s, = s,,;) as damage accumulates (D — 1)
so that s, — s, . In the long term, as consolidation dominates, H — 1 so
su — Suf, S0 long as there is cyclic motion that leads to damage, from
which consolidation can create the gain in strength (see Fig. 1 for the
strength notation).

2.2.2. Generation of damage

The damage is caused by shearing of the surrounding soil during
changes in normalised lateral pile position, y/d (where d is the pile
diameter), and cannot exceed D = 1. A simple function to describe this
behaviour is:

dy
oD = d,(1 — D) ]‘% @

>
Yref

where d, and d, are dimensionless constants representing the damage
rate and power coefficients, while §y/d is a normalised displacement
dq

increment. The term yy

S allows the rate of damage to depend on the

amplitude of displacement, and not just the cumulative displacement,
controlled by the exponent d,. The parameter y,s is a reference
displacement introduced to make this term dimensionless and should be
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Fig. 1. Illustration of model notation and parameters.

defined as a fraction of the pile diameter, so that consistent parameters
can be used across a range of pile sizes'. For the case of d, = 0, Eq. (4)
can be integrated to show that, for a given dj, the damage is a function of
the scaled cumulative normalised lateral displacement Sd,, where S =
2|dy/d|. By including d, in this scaled displacement, responses for soils
with different damage rates (or levels of ‘brittleness’) will coincide. This
behaviour is shown in Fig. 2, for a range of values of the damage rate
parameter, d,.
Two practical illustrations are used to highlight this approach:

e Firstly, the degradation in lateral stiffness observed by (Zhang et al.
2011) during lateral undrained cycles of a model pile in kaolin clay is
plotted on Fig. 2. These stiffness values are the secant peak-to-peak
stiffness within a cycle, K = 5F/y*P where 6Fy, is the difference be-
tween the peak values of horizontal force at each cyclic limit and y*P
is the pile displacement between these peak values of Fj. The values

1.2 T T T
Zhou & Randolph (2009)
Lr 10 < &5 <20
0.8
d,=

Zhang et al. (2011)

Damage, D (-)
(=]
(o))

0.4 f Model tests Equation 4
0.2 |
102 107! 10° 10! 10°

Scaled displacement, Sdr

Fig. 2. Damage as a function of the scaled cumulative displacement (for d,
=0).

1 Subsequent examples in this paper assume d, = 0, so the parameter Yref iS
not used.

of K are scaled so that initial and the steady final stiffnesses corre-
spond to D = 0 and 1 respectively. This trend corresponds to d, ~ 2
for d, = 1.

Cyclic T-bar penetrometer tests provide a second comparison, being
analogous to cyclic lateral pile loading. The cycle-by-cycle degra-
dation of steady penetration resistance observed in cyclic T-bar
penetrometer tests in soft clay agrees well with the damage function
for d, ~ 1-2 for d, ~ 1, as shown on Fig. 2. This comparison uses the
numerical simulations of Zhou and Randolph (2009), which showed
that the failure mechanism around the T-bar has an extent in the
direction of movement of approximately two diameters. On this
basis, a single pass of the T-bar causes strain in the soil that is
equivalent to two diameters of T-bar or pile movement. During the
first pass, the average accumulated strain corresponds to one diam-
eter, and during the return pass the average strain therefore corre-
sponds to three diameters. The response marked on Fig. 2 is based on
a strain of 10-20 being required for 95% of full remoulding, which
originates from interpretation of cyclic T-bar penetrometer data
(Randolph 2004, Zhou and Randolph 2009).

This formulation does not recognise cyclic loading as being more
damaging than monotonic loading to the same accumulated deforma-
tion, which is a limitation that is tolerated in other practical models for
soil softening (e.g. Whyte et al. 2020). More complex alternatives could
be used in place of Eq. (4), based on other established models for pore
pressure build up during cyclic loading.

2.2.3. Dissipation of damage

The damage decays with time due to pore pressure dissipation,
leading to consolidation. The time rate of this decay follows the usual
scaling of consolidation, being proportional to c,/d*

oD Y\ e
D_ -C,@)m ®)

where ¢, and ¢, are dimensionless parameters controlling the rate and
power of this consolidation effect respectively. Fig. 3 plots D, obtained
by integrating Eq. (5) from an initial D = 1, against dimensionless time
T, where T = ¢,t/d? for a range of cp values. The parameters give the
solution flexibility to be scaled to match analytical solutions for the
dissipation of pore pressures around a laterally loaded pile.

The resulting consolidation process is compared in Fig. 3 with the
dissipation solution by Osman and Randolph (2012), using Eq. (5) in-
tegrated with ¢, = 5, for a range of ¢, values. It can be seen that ¢, = 3
provides a reasonable match. However, this comparison relates to
consolidation in response to sustained monotonic loading.

Combining Egs. (4) and (5), the general variation of damage is:
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Fig. 3. Damage recovery as a function of the dimensionless time for ¢, = 5,
compared with the consolidation solution of Osman and Randolph (2012).
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Comparing Fig. 2 and Fig. 3 it is evident that the accumulation of
damage from D = 0 and the decay of damage from D = 1 are controlled
by the scaled dimensionless cumulative displacement (Sd,) and the
scaled dimensionless time (Tc;) in exactly the same way. Therefore, for a
fixed set of constants, the combined response in Eq. (6) is a function of
the scaled dimensionless pile velocity (Eq. (7)), which controls the dis-
tance travelled per unit time, and therefore the relative rates of damage
and hardening:

Sd,

V= e, 7

This relationship is demonstrated in Fig. 4, which shows the devel-
opment of damage with scaled distance (or time) for d, =1, ¢, = 5and d,
= ¢p = 3. All responses stabilise at a constant damage that increases with

—~ 0.001
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Fig. 4. Damage accumulation during steady motion at different rates.
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scaled dimensionless pile velocity. This reflects that at higher velocities
there is greater generation, and so a higher damage level is sustained in
balance with the dissipation.

2.2.4. Evolution of hardening

Consolidation leads to hardening, following a path in the H — s,,/s,,;
plane dependent on «* (see Fig. 1). When the pile is stationary (i.e. ;—{ =
0, B=—x(1- H)". This formulation means that x* sets the initial
slope of the hardening response at H = 0, and lies in the range 0 to 1. The
power coefficient hy, sets how this slope changes as the limit of H = 1 is
approached. Modifying Eq. (5), the hardening evolution can be written
as:

‘2—[:’ =c(1—H)" <Kd—§> D~ ®)

As for the damage model, a minimal number of parameters are used.

To illustrate the hardening model, the variation of H and s,/s,,; with
time is shown in Fig. 5 using the same range of parameters as used in
Fig. 4 (1* = 0.5, k* = 0.5, hy, = 2 and Sy = 5). In all cases, the strength
evolves towards the limit of s, , but for movement that is more rapid
relative to dissipation, there is a fall in strength associated with un-
drained cyclic loading and pore pressure generation.

2.2.5. Illustration of typical model responses

To illustrate the model response, we firstly present a simulation of
the changing strength around a pile during episodic loading (Fig. 6). In
this example, a 1 m diameter pile is first subject to 50 cycles of nor-
malised amplitude §y/d = +0.1, thereby moving by a scaled distance of
Sd, = 20 diameters with d, = 1. Adopting a 10 s cyclic period, the cor-
responding dimensionless velocity is V > 25,000 and the 50 cycles take a
dimensionless time of T < 2 x 10 The pile is then stationary for a
period of T = 3.17, while consolidation occurs, corresponding to 107 s
(or 116 days) in soil with ¢, = 10 m?/year. The sequence of cycling and
recovery is repeated 5 times. The other model parameters adopted are
the same as in Fig. 5.

The time histories of progressive hardening and repeated damage
and consolidation are shown in Fig. 6a to c. The hardening-strength path
is shown in Fig. 6d, bounded by the limits of D = 0 and D = 1. The
resulting evolution of soil strength is shown in Fig. 6e.

This example is a highly idealised representation of the changing
excitation that a pile or well conductor might experience. However, it
shows that the model can capture general patterns of changing strength,
associated with arbitrary sequences of movement and damage coupled
with ongoing consolidation.

In a second example (see Fig. 7), the model is compared with the
strength response from an episodic cyclic T-bar penetrometer test
(White & Hodder 2010), with the cylindrical T-bar being comparable to
an element of pile. The soil disturbance from each passing of the T-bar is
represented by two diameters of pile movement. After each packet of 20
cycles, the T-bar is held stationary and consolidation occurs. The model
replicates the test data well, and also matches closely the CSI cycle-by-
cycle strength model presented in the same study, which has a similar
basis. A distinction between the two models is that in the White &
Hodder (2010) model the smallest increment of damage corresponds to
a T-bar cycle, whereas the present model is formulated in terms of pile
(or T-bar) displacement, and therefore can be applied to general patterns
of movement via the PI model, which is described in the next section.

3. Parallel Iwan (PI) model for non-linear cyclic P-Y response
3.1. Overview
The PICSI model tracks the softening and hardening behaviour of the

soil surrounding the pile, and then uses this to scale the p-y response.
This response is formed of parallel Iwan elements (Iwan 1966). These
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Fig. 5. Hardening and strength changes during steady motion.

elements allow general forms of cyclic behaviour to be captured,
including features such as the non-linearity of the monotonic and cyclic
responses with high stiffness at reversal points and a progressive
reduction in tangent stiffness as the limiting resistance is approached. A
parallel Iwan (PI) model consists of a number of spring-slider elements,
each carrying force f;, with different slider capacities (s;) and spring
stiffness values (k;) (Fig. 8). PI models have been used previously to
describe the p-y response of piles (e.g. Einav 2005, Beuckelaers 2015)
and the contribution of this paper is to couple the PI and CSI models to
capture softening and hardening observed in cyclic loading of piles. In
this paper p represents the lateral force per unit length of pile, which has
typical units of kN/m, such that p/d is the net lateral pressure on the pile.

3.2. Conversion of monotonic backbone curve to PI model parameters

For a monotonic loading event, the PICSI model should reproduce a
specified monotonic “backbone” curve. It is therefore convenient to
work backwards from a monotonic p-y curve to derive the stiffness of
each of the parallel springs (k;) and the capacity of the sliders (s;). To do
this a backbone curve is first discretised as shown in Fig. 9.

Values for py to p, and yj to y, are then known. The tangent stiffness
of each segment (E;) of the backbone curve can be computed as (Eq. (9)):

g =P P g )
Yi = Vi1

The tangent stiffness can also be expressed as the sum of all the active
parallel springs, which is

E=)k 10)
j=i
and Eq. (10) can be written in matrix from as

{E} = [A[{k} an

where A is an n by n transformation matrix with 1 s on and above the
diagonal and zeros below. Values for k for Eq. (11) can then be found

using Eq. (12):

{k} = [A]"'{E} (12)

The following relationship, Eq. (13), can then be used to find the
slider capacities.

pi= isj‘i‘yi i k; (13)
=

j=it1

A second n by n transformation matrix B can be introduced con-
taining 1 s above the diagonal and zeros on and below the diagonal. Eq.
(13) can be written in terms of the two matrices

{p} = A" {s} + {y}[BI{K} 149

where the dot multiplication is used to indicate element by element
multiplication of vectors, rather than vector multiplication. Eq. (14) can
be rearranged into Eq. (15) to solve for slider capacities

{s} =[AI"]""{{p} — (" [BIK} } (15

With the PI parameters (k, and s,;) derived from the monotonic
backbone curve, the model can be implemented by noting that the force
in any spring (f;) is the product of the elastic displacement (ue) and the
spring stiffness (k;) (Eq. (16)):

fi = kg (16)

The elastic displacement is the difference between the total
displacement and the plastic displacement (&) (Eq. (17)).

fi=k(y—ul) a7
If
abs(f;) > s; 18)

then Eq. (18) shows that the capacity of the slider has been exceeded and
the value of the plastic displacement must be incremented by the change
in total displacement. Noting that the maximum elastic displacement in
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Fig. 7. Comparison with episodic cyclic strength response in penetrometer test.

the spring is s;/k;, then the plastic displacement is given by Eq. (19):
Si

w=y+
tyki

19)

As an example, the Fig. 10 shows the API soft clay p-y curve (API

2011, ISO 2016) discretised with 5 points and the corresponding PI
model with 5 springs/slider elements subject to 2-way cyclic loading.
There is no cyclic degradation in the base PI model and the CSI model is
used to represent the degradation and recovery responses observed in
model tests.

3.3. Combining the CSI and PI models

Houlsby et al. (2017) derived a PI ratcheting model within the hy-
perplastic framework and demonstrated that values of s, may be varied
as functions of the state of the material, without affecting the model
formulation. Similarly, to accommodate the changes in strength, and
consequently stiffness, the CSI model was linked to the PI response by
scaling in the initial slider and spring capacities by the ratio of the
current strength to the initial strength:
(s} =) {0 ={k} - 20)

This approach assumes that changes in stiffness mirror changes in
strength, with both being adjusted from their initial values by the same
proportion. However, the two may not be equally affected for all am-
plitudes of cyclic loading, depending on the underlying micro-
mechanical phenomenon. The model could be extended to have
independent scaling approaches to stiffness and strength, seperating the
expressions in Eq. (20), if further observations indicate that this is
required. However, as shown by later examples, this approach is



D.J. White et al.

ki p
w —
L\/ki/\ li
p
— °
'Y
°
kn S
Ja —
>

Computers and Geotechnics 141 (2022) 104519

Fig. 8. Parallel Iwan (PI) model and full pile system.
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Fig. 9. Discretisation of a p-y backbone curve.

successful based on the data presented in this paper.
4. Example application of PICSI model

A centrifuge model test is used to illustrate the capability of the PICSI
model to represent typical observations of lateral pile behaviour. Gue-
vara et al. (2020) present centrifuge test results from a rigid length of
pile (or conductor) installed in reconstituted carbonate silt. The pile had
a diameter d = 19.5 mm and an embedded length 4.5d, with testing
taking place at a g-level of 40. The pile was fixed against rotation and
practically rigid for the range of loads applied.

Two tests are considered. In the first test, the pile was subjected to a
one-way undrained monotonic push to the ultimate capacity, as shown
in Fig. 11. Therigid lateral translation of a pile can be represented with a
single PI spring in an F-y model, where Fj is the total horizontal force (i.
e. the integral of p down the length of the pile). To apply the PI model,
the measured monotonic lateral response of the pile was discretized and
used to evaluate spring stiffness and slider capacity values for the PI
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Q Re-loadi ¢ (0] Monotonic API
é 04 e[—)loa 1(111g10 curve discretised
s mode 1] with 5 points
2 02F ~/° ]
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= | Unloading of |
b5 -02 PI model
.2
= -04F} ]
> 067 ]
-0.8 _
16 : - -
-0.4 -0.2 0 0.2 0.4

Normalised lateral displacement y/d

Fig. 10. Example of PI model calibrated to API backbone curve.

model, using the method described above. As shown in Fig. 11, this
approach provides an accurate representation of the monotonic
behaviour.

The reconstituted carbonate silt used during the centrifuge tests had
a measured strength profile of s, = 1.65z kPa/m, where z is the depth
below the soil surface. Using the approach presented by Jeanjean et al.
(2017), and averaging the lateral bearing factor, Nj, over the embedded
length of the pile (so that N, = 11.8, following Jeanjean et al. 2017), the
predicted ultimate capacity is 61.5 N. The load reached in the monotonic
test is 65.5 N, which is within 7% of the predicted ultimate capacity.

In the second test, the pile was subjected to cycles of displacement-
controlled lateral movement with an approximate normalised



D.J. White et al.

70 T T T T T T T

60 r

W
(=]
T

~
S
T

Measured monotonic response 1
—&— Discretised PICSI backbone curve

W
(==}
L

Horizontal force F ) N)
S}
S

—
(=]
L

0 1 L L 1 1 1 1
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07

Normalised lateral displacement y/d (-)

Fig. 11. Centrifuge test comparison: Discretisation of monotonic back-
bone data.

amplitude of 8y/d = +0.04, at a frequency of f = 0.625 Hz. The
measured displacement is shown in Fig. 12, and was used as an input
into the PICSI analysis, from which the resulting resistance is calculated.
During the initial 500 cycles the stiffness fell, with a minimum peak-to-
peak secant stiffness (K = 6Fp/y*P) of around 7% of the initial peak-to-
peak secant stiffness (Kp). By the end of the test, after 10,000 cycles,
the stiffness had increased by a factor of two from this softened mini-
mum value.

To simulate this cyclic test, the PICSI model is overlain on the
monotonic PI response of Fig. 11, to capture the changing soil strength
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and stiffness. The parameter values are listed in Table 1 and are based on
the theoretical consideration given earlier in the paper, with minor
modifications to improve the match with the experimental data. The
adopted initial sensitivity, S, is from cyclic T-bar testing of carbonate
silt reported by Zhou et al. (2020). The predicted evolution of cyclic
secant stiffness is shown in Fig. 13 and the full cyclic response is shown
in Fig. 14, compared with the monotonic backbone curve, with key
cycles are highlighted. The predicted secant stiffness variation and the
overall cyclic response agree well with the experimental data.

5. Discussion
The PICSI model provides a first attempt to capture the complex

patterns of changing strength around a pile within a model that can be
integrated into a pile response analysis. PI models are increasingly used

Table 1
PICSI model parameters and values for simulation of centrifuge model tests.

Model feature Parameter Value

Monotonic response
Cyclic response:

PI element fitted to monotonic test (Fig. 11)

Strength limits (Eqgs. (1), Initial sensitivity So 5
) Slope of D = 0 line (Fig. 1) % 0.5
Effect of hardening on q 1
sensitivity
Damage generation (Eq. Rate constant d, 1.1
) Power constant d, 23
Effect of amplitude d, 0
Consolidation (Eq. (5)) Consolidation coefficient cy 1 m%/
year
Rate constant cr 0.2
Power constant [ 3
Hardening (Eq. (8)) Slope of hardening path (Fig. 1)  «* 0.5
Variation of hardening slope hy 1

0.05

Pile lateral displacement (y/D) Pile lateral displacement (y/D)

-0.05 1 1 1 1 1
0 2000 4000 6000 8000 10000 12000 14000 16000
|| Zoom Time (s)
0.05 T ! | T 1]
0 1 L
_0.05 1 | (| | Il il |
2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
Time (s)

Fig. 12. Measured lateral displacement of model pile.
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for cyclic modelling of piles and conductors (e.g. Whyte et al. 2020), and
the PICSI model provides an overlay that captures soil softening and
consolidation. This opens up the possibility of efficiently modelling the
full ‘whole life’ history of changing soil support. This may unlock
beneficial effects such as ‘smearing’ of fatigue damage as hot spots
migrate along the pile, or a gain in pile capacity for life extensions. It
may also provide a basis to interpret changes in system natural period
that are observed as a result of evolving pile head stiffness. The model
can be implemented within finite element lateral pile analysis software,
and the changing strength (CSI) aspect could equally be overlain on
other p-y models.

Some model parameters can be derived from conventional soil
properties, although others may require alternative methods of cali-
bration. Methods exist to scale the soil stress:strain response seen in
direct simple shear (DSS) tests directly to the monotonic p-y response
(Zhang and Andersen 2017), and extensions to cyclic behaviour have
been proposed (Erbrich et al. 2010, Zhang et al. 2017). The same
approach could be used to calibrate the PICSI model parameters from
DSS responses, or alternatively the p-y element test described by (Zakeri
et al. 2017) could provide a more direct calibration. The combined ef-
fects of softening and consolidation are not usually considered in a single
soil element test or a conventional in situ test. However, ‘episodic’
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versions of both the T-bar (White and Hodder 2010, Zhou et al. 2020)
and the DSS test (Yasuhara & Andersen 1991, Truong et al. 2019, Laham
et al., 2021) are possible, and offer the potential to provide model pa-
rameters by measuring responses akin to Fig. 6.

The PICSI model has been developed with soft soils in mind, which lie
initially on the ‘wet’ side of the critical state line and therefore show a
tendency to contract under loading, generating positive excess pore
pressure. Under cyclic loading, even soils that have been over-
consolidated to an over-consolidation ratio (OCR) value that places
them slightly on the ‘dry’ side of the CSL tend to generate positive pore
pressure under cyclic loading (e.g. Andersen 2015), so the model may
work well even for these higher OCR soils. It is also possible to conceive a
reflected version of the model framework (Fig. 1) in which the soil moves
up the vertical axis, softening rather than hardening, which could repre-
sent soils that are initially dilatant and generate negative excess pore
pressure, which leads to swelling and softening after dissipation. How-
ever, at present, we have not attempted to consider such high OCR cases,
and we have focused instead on soft soils, where the opposing effects of
cyclic softening and consolidation hardening are topical and offer po-
tential design optimisation in relation to *whole life design’ (e.g. Lai et al.
2020, Laham et al. 2021, Gourvenec 2020, Guevara et al. 2020).

6. Concluding comments

This paper sets out a new p-y model for the long term ‘whole life’
behaviour of laterally-loaded piles in soft clay. It addresses an emerging
requirement to capture the progressive changes in soil support that
occur in soft soils around piles and well conductors, which influence the
capacity, stiffness and fatigue of these systems.

The model is inspired by model testing observations and theoretical
solutions for each element of the behaviour, and combines a parallel-
Iwan (PI) non-linear spring with a critical state-inspired overlay for
the changing strength and stiffness. It allows the general responses
observed in model tests to be replicated, with many parameters being
fixed based on theoretical considerations. A new efficient methodology
for defining the PI sub-springs is set out.

This new basis for whole life modelling of piles and well conductors,
allowing changes in stiffness and capacity to be simulated, may lead to
beneficial improvements in predictions of system stiffness, fatigue and
late-life capacity.
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