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Abstract

Recent studies have demonstrated that the use of a discretely-spaced row of piles can be
effective in reducing the deformations of slopes in earthquakes. In this paper, an
approximate strain-dependant Newmark sliding-block procedure for pile-reinforced slopes
has been developed, for use in analysis and design of the piling scheme, and the model is
validated against centrifuge test data. The interaction of the pile within the slipping soil was
idealised using a non-linear elasto-plastic (P-y) model, while the interaction within the
underlying stable soil was modelled using an elastic response model in which (degraded)
soil stiffness is selected for an appropriate amount of shear strain. This combined soil-pile
interaction model was incorporated into the improved Newmark methodology for
unreinforced slopes presented by Al-defae et al. [1], so that the final method additionally
incorporates strain-dependent geometric hardening (slope re-grading). When combined with
the strain-dependent pile resistance, the method is therefore applicable to analysis of both
the mainshock and subsequent aftershocks acting on the deformed slope. It was observed
that the single pile resistance is mobilised rapidly at the start of a strong earthquake and that
this and the permanent slope deformation are therefore strongly influenced by pile stiffness
properties, pile spacing and the depth of the slip surface. The model shows good agreement
with the centrifuge test data in terms of the prediction of permanent deformation at the crest
of the slope (important in design for selecting an appropriate pile layout/spacing i.e. S/B) and
in terms of the maximum permanent bending moments induced in the piles (important for
appropriate structural detailing of the piles), so long as the slip surface depth can be
accurately predicted. A method for doing this, based on limit analysis, is also presented and

validated.

Keywords: Slopes, Piles, Sand, Analytical modelling, Centrifuge modelling,
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1. Introduction

The technique of slope stabilisation by piling is widely used by geotechnical engineers
to utilise the bending response of the pile to stabilise the sliding mass by coupling this to
stronger stable strata below. The piling would typically be installed as a discretely-spaced
pile row running along the length of the slope at a centre-to-centre spacing, S, with a
sufficient length to allow them to pass through the unstable slipping soil mass and become
anchored in the underlying stable soil. In the pre-failure stage the piles promote arching of
stresses between adjacent piles which improves stability [2, 3]. If the soil mass slips (the
piles being designed to remain elastic), the ground movements generate relative soil-pile
displacement, which in turn leads to the mobilisation of lateral earth pressures along the

piles, and additional resistance due to the subsequent pile bending.

In the analysis and design of such piling schemes, it is important to be able to
determine (i) the reductions in seismic displacement for a given pile arrangement (e.g.
normalised spacing S/B, where B is the pile width or diameter) so that the piling can be
designed to give the required improvement to the geotechnical performance (i.e. reduction in
slip); and (ii) internal forces (e.g. bending moments) within the piles, so that they can be
structurally detailed. Analytical solutions have been developed for the analysis of pile-slope
systems under static loads (e.g. [4 — 6]). Kourkoulis et al. [7] have demonstrated the use of
Finite Element (FE) modelling for analysing the performance of piled slopes under seismic
loading, but it would be useful in preliminary design phases to have a complementary simple
model which can provide the required response parameters rapidly without requiring the use
of finite element software. Such a tool would be useful for (i) conducting large parametric
studies; (ii) use in performance-based earthquake engineering where statistical approaches
and Monte-Carlo simulation may be necessary; and (iii) in refining the design before more
detailed FE modelling is conducted to verify final performance, thereby potentially reducing

the amount of FE modelling which is required.
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In this paper, a simplified approximate soil-pile interaction (SPI) model for determining
mobilised pile resistance with soil slip is formulated for piles passing through a slipping soil
mass and anchored into stable soil beneath. This is then incorporated within a Newmark
sliding block analysis [8, 9] through an enhanced yield acceleration considering the forces
(including mobilised pile resistance) acting on the slipping soil mass. In this case, an
improved Newmark analysis methodology, developed recently by Al-defae et al. [1], is used
with this yield acceleration. This methodology additionally incorporates strain-dependent
geometric hardening (slope re-grading) through updating the instantaneous slope angle in
each time step. As the soil-pile resistance and slope geometry is tracked throughout the
analysis as a function of soil slip (i.e. strain), the new model is implicitly suitable for also
estimating performance in subsequent accompanying aftershocks which may occur on an
already-damaged slope (i.e. before it has been repaired). The model developed is validated
against centrifuge test data for pile-reinforced sandy slopes reported previously by Al-defae

and Knappett [10].

2. Sliding block procedure for pile-reinforced slopes

2.1 Formulation

The limit equilibrium formulation for the yield acceleration of an infinite slope
developed by Al-defae et al. [1], which includes strain-dependent geometric hardening of the
slope, is here modified to incorporate the additional component of resistance to sliding
provided by the piles. For slip of a moving mass of soil of length L, width S, unit weight y
and with a slip plane depth of zy, beneath the slope surface, the applied downslope shear

stress from Figure 1 is:

: 2
rapplied = jzslip Sin ﬁCOS ﬂ + kh }Zslip Cos ﬁ (1)
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where the first term relates to the static shear stress due to the ground slope, and the
second term relates to the additional peak dynamic downslope shear stress induced by the

earthquake shaking. The total shear resistance to this applied shear stress is given by:

T =C'+G'tan¢'+icos'8
s (2)

’ 2 i ’ -
=cC +(jz:/ip Cos ﬂ_kh)zS/fp SlnﬂCOSﬂ_u)tan¢ +L_SCOSﬂ

where P is the horizontal shear resistance force provided by a single pile, determined from
the soil-pile interaction model presented in Section 3. The soil yields when Tapplied = Tult-
The value of ki, at which this occurs (i.e. the yield acceleration, kiy) can be determined from
Equations (1) and (2) as:

'+ ()zshp cos’ B — u)tan¢’ — 2, SIn Bcos B+ LI;COS Jij

k, = ; : ; (3)
jzslip COS ﬂ+ jzslip SmﬂCOSﬁtan¢

In Equation (3), u’, B, L and P are functions of shear strain (&) on the shear plane due to
slope displacement. Al-defae et al. [1] showed that the strain softening model of Matasovic
et al. [9] can be used to describe u'(¢s). A simple relationship was then developed to

describe the geometric effect of an increment of slip in reducing the slope angle (8), which is
shown in Figure 2. Numerically within the Newmark sliding block method, the slope angle is

updated for step i+1 based on the slope angle (8;) and the amount of slope-parallel slip (d}),

both from the previous step, using:

(4)

B = tan_{ H, -d, Sin:Bi J
i+l T

H, cot B, +d, cos B,

For the initial time step (i = 0): dp = 0, H; = H and B; = Bo, as in [1]. When considering the

relative contribution of a pile and the soil shear strength to the total resistance, the
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instantaneous slip-plane length (L)) is also required, which is related to the instantaneous

slope angle by:

H,
l ()

L, =—
sin f3,

The pile resistance (P) as a function of strain (soil slip) depends on a number of
parameters describing the relative soil-pile stiffness and relative soil-pile strength. Clearly, in
the initial stages of the analysis before any slip has taken place, the net additional resistance
from the piles is zero. As the soil slips, the relative displacement between the soil and the
pile increases, providing a progressively larger resistance to slip. Eventually, the resistance
from the pile will reach a maximum limiting value when either the soil yields around the pile,
or the pile yields structurally, whichever occurs first. In designing an arrangement of slope
stabilising piles, it will be desirable for the piles to remain elastic such that the soil fails
before the piles and the piled slope therefore has its maximum possible resistance to sliding.
This approach has the added benefit that once fully mobilised, the maximum soil-pile
resistance will remain at this maximum level for subsequent earthquakes, without the piles

becoming extensively damaged.

As the soil starts to slip, P will increase, while B will reduce, due to the effects
described above. Both changes will result in progressive hardening of the slope response
via an increase in the yield acceleration (Equation (3)). Even once the piles are providing
their maximum resistance, the slope response will continue to be reduced compared to the
unreinforced case due to (i) the constant value of P in Equation (3), so long as the soil or
pile are yielding in a ductile way, and (ii) the continued geometric hardening. By fully
incorporating the effects of strain within the model, the behaviour of a seismically damaged
slope during subsequent earthquakes/aftershocks can be determined by starting such an
analysis from the initial conditions (pile resistance, amount of slip, re-graded slope angle)
obtained at the end of the previous ground motion, as presented for unreinforced slopes in

[1].
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2.2 Assumptions and simplifications

For small to moderate earthquakes whose peak ground acceleration magnitude is
close to (but larger than) kny and which will therefore have only a limited amount of slip,
strain-softening behaviour [9] can have a dramatic effect on computed slope displacements,
with kny potentially changing continuously throughout the earthquake as v’ softens. In larger
earthquakes, where a single cycle causes sufficient slip/strain to reach critical state
conditions, then the strain softening model is likely to predict only a marginally smaller slip
compared to a standard (strain-hardening) analysis using a constant v’ = u'cs[1]. Therefore,
a constant friction angle is used throughout the model in this paper. Michalowski and Shi
[11] showed that the deformation in sandy layers can be represented using a non-
associative flow rule and that an associative flow rule (normality principle) does not
accurately describe deformation in granular soil. Thus, in this paper, a generalised non-
associative condition is assumed, which is incorporated using a modified friction angle u*
following [12]:

tan ¢* = —— 2% tan ¢’ (6)
1-siny'sing’,

where u 'y is the peak friction angle and y/' is the angle of dilation.

It is also assumed, as in [1], that once the slope has deformed to a new, smaller value
of B the failure mechanism will continue to be of the infinite type, with a new slip surface
forming parallel to the new slope surface. This allows the model to be used even for the
case of large total slope movements (such as may accrue during a series of strong
aftershocks) as the displacement increment in each individual time step remains small, and
therefore the instantaneous failure mechanism can be represented by Figure 2 for small

displacements.
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3. Soil-pile interaction (SPI) model

In this section, the relationship between the instantaneous amount of soil slip, ys (=
2d), and the corresponding pile resistance, P, is developed. This relationship, hereafter
termed the SPI model, will also enable the peak bending moments to subsequently be
derived within the piles, so that they can be appropriately detailed. Given that, as described
previously, the aim in design will be to ensure the piles remain undamaged, it can be
assumed that the soil in the slipping mass will yield around the piles. The interaction in this
zone of soil is here described using a single non-linear elasto-plastic P-y curve ('spring’)
which describes the force applied on the pile by the slipping soil (and vice-versa), P, as a
function of the relative displacement between the soil and the pile (ysi — ypi) at the point of
resultant load application. The part of the pile within the stable soil is modelled using a
linearised elastic response model describing the response of the pile at the point of load
application (ypi) under the applied load P;. This simplified conglomerate approach is shown

schematically in Figure 3.

3.1 Soil-pile interaction in slipping soil

P-y curves are popular for describing the non-linear relationship between soil
resistance and relative soil-pile deformation. O’Neill and Murchison [13] developed a
procedure which was subsequently adopted by the American Petroleum Institute (API) to
determine the load-deflection relationship (P-y curve) in sands. This method is used herein
within the slipping soil. The P-y curve in this procedure consists of an hyperbolic tangent

function to represent the non-linearity in the response. This relationship is written as:

stlip
P, = A4p, tanh y (ysi _ypi) Zsiip (7)

u

where P; is the resultant soil-pile reaction over the length of the pile within the slipping soil
mass (i.e. over a section of length Zzgp), p, is the ultimate soil resistance per unit length of

the pile (see below) at soil yield, ys is the cumulative soil slip, ypi is the lateral pile



198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

displacement at the location of the P-y curve, k is the initial modulus of subgrade reaction
and A is a factor to account for cyclic loading (A = 0.9 for cyclic loading; A = 1.0 for

monotonic loading). The ultimate capacity per unit length, p,, is calculated as:
pu = (Clzslip + C2Deq )y,Zslip (8)

where D4 is the equivalent pile diameter (for a square pile this is assumed to be equal to
the pile width, i.e. Deq = B) and y' is the effective unit weight of the soil (= y — yu). The
coefficients Cq and C, and the initial subgrade reaction k are determined as a function of the

angle of internal friction as outlined in [14] and summarised in Figure 4.

3.2 Soil-pile interaction in stable soil

In the stable soil, the soil is initially assumed to remain elastic, with the relationship
between applied load and pile displacement presented by Randolph [15]. Its implementation
here is shown schematically in Figure 5. It is assumed that the lateral pressure acting on the
pile within the unstable soil increases approximately linearly with depth, so that the resultant
horizontal force on the pile from the slipping soil (i.e. the P-y spring force) acts at a depth of
0.67zs)ip below the top of the pile. This means that the pile length within the stable soil is
treated as a partially embedded pile acted upon by a resultant horizontal force ( = P,) and
moment ( = P; x 0.33 zy;,) acting at the level of the shear plane. The resulting relationship

between P, and y,; is given by:

pc Gch
b= Y pi (9)

1
£V .
cos ﬂ{ﬁj {0.54+0.4OZ”’1’}
G i

c c

where:
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2
E Y
. =D, G—” (11)

G, =Gr(1+0.75v) (12)
G(Zsh.p +L, /4)
pP. = C (13)

Le

The parameter G is the median value of the operative shear modulus over the critical
length (L.), i.e. the value of G at a depth of L/2, and p. is an homogeneity factor

describing the variation of G with depth. The method can therefore account for (linear)
variation of soil shear modulus with depth within the stable soil, and pile sections of any

bending stiffness and cross-section E/ (through use of an equivalent elastic circular pile of

Young’s Modulus Ej,, Equation 10).

The key modification made to this existing model in this paper is that the ‘operative’
shear modulus (G) is reduced to account for the effects of cyclic shearing in the free-field
(which is here assumed to also approximate the cyclic effects in the near-field soil). The
analytical estimation of this G-z relationship is described in Section 3.3. To use Equations
(11) — (13) some iteration is required due to the inter-relationships between L; and G;. In
practice an initial value of L. is assumed and used to determine G;. This value of G; is then
used in Equation (11) to calculate an improved estimate of L;. This changes G (c.f. Figure

5). The procedure is repeated until the values of G; and L. are consistent with each other.

3.3 Estimation of operative shear modulus in stable soil

The ‘operative’ shear modulus (G-z relationship) required for the ‘stable’ part of the
SPI model can be determined based on the initial small-strain shear modulus (G,) for the

soil before cyclic loading (from Hardin and Drnevich [16] — Equation 14) and the variation of
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RMS average cyclic shear stress (Tay) and cyclic shear strain (& cyc) with depth during the

earthquake (Equation 15):

_ 2
G, = IOO{M}(M} ) (14)
1+e
G _ T 15
Go Gogs,cyc ( )

where p'y = (1 + 2K,)0',o/3 is the initial mean confining stress (Ky being the coefficient of

lateral earth pressure) and e is the void ratio. The cyclic shear stress is estimated using an
equation proposed by Seed and Idriss [17] where the RMS average cyclic shear stress

caused by earthquake was estimated as approximately 0.65 times the peak shear stress:

T, = O.65(aﬂjavord (16)
g

where a.,x is the peak ground acceleration at the soil surface, g is the acceleration due to

gravity, o

v

o is the total overburden stress, and 7, is a stress reduction coefficient which is

here determined following [18]:

r, = pla(ra M, ] (17)

where M,, is the earthquake magnitude, z is the depth below ground surface in meters and:

a, =-1.012-1.126sin| —
11.73

+5.133) (18)

a, :0.106+0.118sin( z
11.28

+5.142j (19)

The cyclic shear strain (&scyc) is estimated using Equation (20) as proposed by Pradel [19]:
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(b.7,4,./Gp)
£y () =112 Can 100 (20)
’ l+a G,
where
a :0.0389(&j+0.124 21)
P.
, -0.6
b= 6400(&j (22)
P

In Equations (21) — (22) pa is atmospheric pressure (100 kPa).

3.4 Pile spacing effects (pile ‘shadowing’) and local non-linearity in stable soil

When using piles in a closely spaced pile row, the zones of soil into which the piles
displace relative to the soil may overlap, resulting in a reduction in the resistive force
available due to ‘shadowing’ [3]. This is accounted for in the present analysis by applying
the p-multiplier concept, i.e. by multiplying the values of P in the SPI model by a factor p,
between 0 — 1, dependent on the pile spacing. Previously proposed p-multipliers for circular
piles are summarised in Figure 6. A simple bi-linear approximate relationship was inferred

from this data for use within the SPI model, having a cut-off spacing of 5B, given by:

0.235%—0.168 % <5.0
Py = B (23)
1.0 2>5.0
B

It is here assumed that Equation (23) applies to both circular piles of diameter B and square

piles of side B (as previously assumed in Equations (8), (10 and (11)).

While the slipping soil mass incorporates elasto-plastic behaviour through the P-y
approach (Equation 7), the stable soil model presented in Section 3.2 is based on a purely

elastic soil response to relative soil-pile movement (albeit in a soil medium which has
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reduced operative stiffness due to shaking — Section 3.3). In reality, however, there may be
a modest amount of non-linearity in the stable mass just below the location of the slip plane
where the relative soil-pile deformations due to pile deflection will be larger [21]. To maintain
the simplicity of the method, this effect is incorporated through a further reduction in soil
stiffness used in Equations (9) — (13). Based on data from full-scale pile tests (Figure 7
shows data for piles in sand appropriate for this study after [22]) a simple empirical
relationship can be determined for a reduction factor on elastic pile stiffness as a function of

(normalised) pile displacement:

1.0 P <0.004
B

g, = y 05 ¥ (24)
6.40x1072| =2 “2>0.004
B B

3.4 Combined SPI model

For use within the sliding block method, i.e. for determining the instantaneous value of
P; in Equation (3), a direct relationship between P; and slope slip ysi is desirable, so that the
slip computed from the previous step can be used to obtain the current pile resistance force.

This can be achieved by following the following procedure:

1. Estimate the operative shear modulus within the stable soil (Section 3.3) and use this
to determine G, p; and L..

2. Substitute Equation (9) into Equation (7) for the unknown pile displacement V.

3. The resulting (non-linear) closed-form expression can then be used to evaluate P
over a fine grid of ysi values using the values of G, p. and L. from step (1), and these
values of P, reduced by p,, to account for the pile spacing.

4. Values of y, compatible with the P, y pairs can then be evaluated using either

Equation (7) or Equation (9) and used to determine stiffness multipliers g,.
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5. The stiffness G; is reduced by g, and reduced values of P, are evaluated over the

same grid of yg values.

The result of this procedure is a unique P-y curve which can be used at a particular time
step in a sliding block analysis to evaluate the current resistance force based on the current
accumulated soil slip from the previous step. This force is then used in Equation (3) to
evaluate the current value of ki, for determining slope deformation via Newmark analysis. A

flowchart, showing the complete procedure is shown in Figure 8.

3.5 Determination of bending moment profile in piles

Once the sliding-block analysis has been completed, the variation of P with time will
have been determined as an integral part of the analysis. Once this instantaneous load is
known, it is relatively simple to estimate the bending moments within the pile as they are
proportional to P while the pile remains elastic. Randolph [15], as cited in Fleming et al.
[23], present normalised bending moment profiles for partially embedded piles (which,
following the previous analogy, apply below the slip plane in this case) for the cases of
moment-only loading and shear-only loading. If the pile remains elastic, the principal of
superposition can be used to combine the effects of the shear force ( = P;) and moment
( = P; x 0.33z,,) acting at the location of the slip plane depth. Above the slip plane (i.e.
within the slipping soil) the bending moments are assumed to reduce linearly from the value
at the slip plane to zero at the ground surface (consistent with the lateral bearing capacity of

the soil increasing linearly with the depth and all of the soil within this zone being at yield).

Normalised moment curves (M;/ P;L.) for different slip plane depths have been created

as a function of normalised depth below the slip plane (z—zsh.p)/Lc and these are shown in

Figure 9 for pc = 1.0 i.e. for G increasing linearly with depth. As the value of B; reduces with

slip, once the pile has reached its ultimate value of P (soil slip around the pile) there can be

further increase in the induced moments due to re-grading.
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4. Validation of Newmark method for piled slopes against centrifuge data

4.1 Centrifuge modelling

Dynamic centrifuge testing was conducted using the 3.5 m diameter beam centrifuge
and servo-hydraulic earthquake simulator (EQS) at the University of Dundee. The modelling
and observations from these tests are described in detail in [10]; only a brief summary is
given here. All subsequent properties are reported at prototype scale.

The results of six tests from this previously reported programme are utilised herein for
validation of the Newmark model, representing identical 1:2 slopes (8o = 28°) at 1:50 scale in
dry HST95 sand and tested at 50-g. The sand was pluviated in air using a slot pluviator into
an Equivalent Shear Beam (ESB) container having flexible walls, the construction of which is
described in [24]. The slopes were prepared at a relative density of D, = 55 — 60% (the range
accounts for the accuracy in being able to measure and replicate D;), 8 m tall from toe to
crest and were underlain by a further 6 m of sand at the same relative density. Table 1
shows a summary of the test properties, while the arrangement and instrumentation of the
slope models are shown in Figure 10.

Where piles were used these all had a square cross-section with B = 0.5 and an
‘elastic’ section with a high moment capacity (M,:), fabricated from aluminium alloy as
described in [10]. Two of these piles in each test were instrumented to measure bending
moments along the length (for comparison to the assumed distributions shown in Figure 9).
The bending stiffness of the piles was E/ = 50.4 MNm? and M = 3750 kNm

The test programme also included the use of two different strong earthquake motions
to allow an initial assessment of the model’'s sensitivity to shaking characteristics. Four tests
used a motion recorded at Station TCUO072 during the M,, = 7.6 Chi-Chi Earthquake in 1999,
having a peak ground acceleration (PGA) = 0.41-g, while two tests (AA17 and AA16, see
Table 1) used a motion recorded at the Nishi-Akashi recording station in the M,, = 6.9 Kobe

earthquake in 1995 (PGA = 0.43-g). The characteristics of these motions are described in
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[1]. In each case four nominally identical motions were applied to each model in sequence

to allow the performance in strong aftershocks to be validated.

4.2 SPI model for parameters used in the centrifuge tests

Figure 11 shows the variation of initial shear modulus (G,), operative shear modulus
(G) calculated using Equation (15) and the measured shear modulus in the free-field from
the centrifuge test data. The latter was derived from the time-acceleration histories from
instruments 6, 10 and 15 in Figure 10, which were located at the middle of the slope and
along the centreline of the container (midway between the two central piles), following the
method outlined by Brennan et al. [25]. Figure 12 shows time-shear stress, time-shear strain
and a shear stress-shear strain cycle at peak cyclic shear strain from centrifuge test AA14 as
an example. Some differences are observed between the operative and measured shear
moduli in Figure 11, but the approximate procedure described in Section 3.3 appears to
provide a rational basis for making a reasonable estimation of the operative shear modulus

for use in the SPI model.

Figure 13 shows the P-ys curves for pile resistance, using soil properties for the
centrifuge tests (u'y = 40°; ' = 10°, u* = 35° - see [1]). At S/B = 7.0 there is no shadowing
effect (o, = 1.0 from Equation (24)) while the curves are reduced in magnitude at S/B = 4.7
and 3.5. It is clear that once the soil slips by a relatively small amount (10 mm in this case)
the pile resistance reaches a maximum value consistent with the unstable soil yielding
around the piles. Expressing this displacement in terms of the pile size, 0.015B, the value is
consistent with the lower limit of previous findings for the static case [26, 27] which suggest

that the ultimate pile resistance is mobilised within the range 0.015D, to 0.025D,.

4.3 Analysis procedure
To use the sliding block method developed in the previous sections, it is necessary to

know the slip plane depth, zgj. In the centrifuge tests zg;, was not known. However, both

crest settlement and bending moment in the piles were measured, so Zgj could be
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determined by trial and error as the back-calculated value giving a good match
simultaneously to both the crest settlements and maximum bending moment magnitude in

the first earthquake.

Figure 14 shows the effect of pile resistance and geometric re-grading (change in )
on the yield acceleration compared to an unreinforced slope using the first earthquake (EQ1)
of test AAO1 in each case to determine the effects of the pile reinforcement for an identical
input motion. Only the positive (downslope) accelerations have been shown for clarity. It can
be seen how the yield acceleration is strongly influenced by the pile resistance for small
deformations when the ground motion exceeds the yield acceleration. The pile resistance is
mobilised rapidly with slip (consistent with Figure 13). Motion of the slope causes re-grading
(geometric hardening) in both the reinforced and unreinforced cases. This is a much more
gradual process than the pile resistance mobilisation and the vyield acceleration is

subsequently seen to increase non-linearly throughout the remainder of the earthquake.

4.4 Results

The input motion used in the sliding block analyses was the acceleration time history
measured at accelerometer No. 8 (Figure 10) which represents the accelerometer at the
base of the centrifuge model. This is consistent with the approach for unreinforced slopes
presented in [1]. Figure 15 shows a comparison of predicted and measured response for
S/B = 7.0. The inferred slip plane depth giving this result was zg, = 1.75 m. It should be
noted that the slip pane depth for the unreinforced slope is 0.5 m ([1]). Figure 16 shows a
similar comparison for S/B = 4.7 (for zyi, = 1.77 m) and Figure 17, the comparison for S/B =

3.5 (Zslip =1.65 m)

Considering Figures 15-17 together, it can be seen that in general, the new sliding
block method slightly under-predicts deformations in the initial earthquake, though this is
worst for the widest spacing and the prediction at closer S/B ratios (a more likely case for

design to have the most reinforcing effect) becomes significantly better. Deformations in
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subsequent earthquakes (e.g. strong aftershocks) are generally slightly over-predicted,
which for use in whole-life design of a piled slope (with very many earthquakes), would be
conservative. The maximum bending moments reach a limiting value in the first earthquake,
in each case representing the peak moment associated with the soil in the slipping mass
yielding around the pile. The centrifuge test data suggests proportionally small increases in
induced moment in subsequent aftershocks. Increases in subsequent earthquakes are also
suggested in the sliding block model due to the reducing value of G;, but these are much
smaller in magnitude. The difference be the result of a small amount of rigid body rotation in
addition to the pile bending (rigid body rotation is not incorporated into the current
implementation of the sliding block model). The effect of localised non-linearity (through g.,)
has a modest effect, resulting in slightly larger deformations for the same amount of induced
bending moment in the piles. In each case, the yield acceleration can be seen to exhibit the
same characteristics as described in Figure 14, namely an initial rapid mobilisation of the pile
resistance, followed by subsequent increases due to geometric hardening. It is noticeable
that the maximum bending moments in the centrifuge test data in EQ1 have a stepped
appearance, initially mobilising half the ultimate resistance during the large acceleration
spikes occurring between 10-15 s, before increasing to the ultimate value based on soil yield
around the pile. This would be consistent with the SPI model being stiffer than the actual
behaviour (i.e. P is mobilised over a smaller amount of deformation in the model) and so
there is potentially still some improvement that could subsequently be made to the SPI
model. However, given the simplifications and assumptions in the current implementation, it
appears to provide consistent and largely accurate predictions of slope and pile response to

large deformations over multiple successive earthquakes.

Figure 18 shows the bending moment distributions as a function of depth at the end of
EQ1 for the instrumented pile cases discussed previously. It can be seen that while the
magnitude of the peak bending moment and the moment distribution above the inferred slip

plane depth appear to be well predicted, the position of the peak moment and the moments
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below this depth are under-predicted. However, the shape of the predicted and measured
curves are similar. These two observations suggest that the critical length of the piles (L) is
longer than that predicted using Equation (11). The parameter g, was incorporated to
account for reduction in the operative shear modulus in the near-field (due to pile
deformation) compared to the free-field values (Figure 11), but this is shown to only have a
modest (though positive) effect on the moments. The zero moment point from the centrifuge
data and the increased moments at depth would be consistent with a small amount of rigid
body rotation, superimposed onto the pile bending mechanism incorporated within the
model. Nonetheless, in each case the magnitude of the peak bending moment is well
predicted in each case and so the model would appear to be adequate for use in design
(determination of pile size and spacing), so long as the pile is designed to have uniform

moment capacity with depth, and this is based on the maximum value.

5. A priori determination of Zg;,

In the forgoing validation, the sliding block method was used to obtain (simultaneously)
good predictions of slope displacements and pile bending moments, allowing the empirical
estimation of zgjp,. However, for practical use it would be more useful if an a priori
determination of Zzgj, could be made, for which it would be necessary to find the optimal
position of the slip surface in the piled slope. Here, the Discontinuity Layout Optimisation
(DLO) technique was used to achieve this [28]. DLO essentially performs upper-bound
plasticity analysis in soils with associative flow, via a virtual work (energy balance) type
approach. This approach is common for determining collapse loads of geotechnical systems
(e.g. bearing capacity of shallow foundations [29]) but requires the critical failure mechanism
to be identified (i.e. the configuration of slip lines forming a mechanism which gives the
lowest collapse load or least upper-bound). DLO provides an efficient way of identifying this
mechanism from all possible combinations of discontinuities that can be formed by linking

regularly spaced nodes across a grid, and allows pseudostatic earthquake accelerations to
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be accounted for [30]. As in [1], LimitState:GEO, v2.0 software was used to calculate the
most critical (lowest) upper-bound mechanism by DLO for the geometry and properties of

the centrifuge model.

To allow soil yield around the piles in what is otherwise a two-dimensional analysis, the
piles were represented as ‘engineered elements’ [31] which allow relative displacement
between the soil and each node of this element based on the exceedence of a limiting value
of resistance (i.e. the maximum value of P in Figure 13). Three main parameters are
required to define the properties of engineered elements: (i) lateral resistance per unit length
and width to lateral displacement (N); (ii) axial resistance per unit length and width, (7); and
(iii) moment resistance of the element per unit width (pile Mys). A linear variation with depth

was assumed for both lateral and axial resistance:

T=T +T 0% (25)

N=N,+N,.c (26)

The spacing ratio was taken into account in determining the parameters in Equations (25)
and (26), so that they represent equivalent values per unit length of the slope. As the pile
elements have their tops at the surface of the slope where both resistances are expected to

be zero, Tc = N; = 0. The depth-dependent parameters T, and N, are given by:

7= 4.B.(2K)).tano’

(27)

N, =—~ (28)

where K, = (1 + sinu’)/(1 - sinu’) is the passive earth pressure coefficient and &' is the
interface friction angle between the pile and the soil (based on interface shear test data
reported in [10]). T, therefore represents the axial shaft capacity for a square pile in sand,
while N, is a lateral bearing capacity factor, based on [32]. The moment capacity of the

piles, divided by the pile spacing, was used in determining the value of M.
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While the strength of the soil over a wide strain range was approximated by u* in the
sliding block analyses, for determining the initial position of the yield surface, the peak
friction angle must strictly be used. For stability problems in cohesionless soils it is important
to model the true variation of u'y with depth (where the strength reduces with increased
depth and confining stress due to dilation suppression [33]), to avoid the trivial solution of a
failure mechanism forming along the surface of the slope. This was modelled by dividing the
soil into multiple 0.5 m thick layers over the top 8 m of soil such that each layer can be
assigned an independent angle of friction. Figure 19 shows the variation of v’y used in the
DLO analyses based on the results of direct shear tests of the sand used in the centrifuge

tests, reported in [1].

The value of z, predicted by DLO was 1.50 m (insensitive to S/B for the parameters
used) for the piled slope cases. This is very close to the values of between 1.65 — 1.77 m
inferred from the centrifuge test results for the simulations using the Chi-Chi input motion
and the value of 1.45 m inferred for test AA16 (Kobe motion) and would suggest that DLO
can be used to estimate the required zg, for class A predictions. However, this depends on
the sensitivity of the Newmark analysis to this parameter. The centrifuge tests were
therefore reanalysed using the sliding block model with the value of z;, predicted from DLO
and the results (in terms of prediction of crest settlement and M,,.x) are shown in Figure 20
(filled markers) along with the results using back-calculated zy, values for comparison
(hollow markers). Using the DLO value of zy, there is a general increase in the
displacements predicted but a significant reduction in M...x. The predictions also become
worse with further strong shaking, but are very good in EQ1. Over-prediction of
displacements will generally result in a more conservative design for a given tolerable
amount of slope deformation. Under-prediction of bending moments suggests that a
substantial factor of safety should be applied if the calculated moments are to be used to
size/detail the piles. In this case, based on the data in Figure 20, a factor of safety of 2.0 is

indicated.
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6. Conclusions

The modified Newmark procedure developed by Al-defae et al., [1] for predicting slip in
unreinforced cohesionless slopes including strain-induced geometric hardening (slope re-
grading) has here been modified to be applicable to pile—reinforced slopes (incorporating
strain-dependent pile resistance) to allow estimation of permanent seismic deformation in
piled slopes. This is achieved through modifying the yield acceleration at each time step by
incorporating mobilised pile resistance forces consistent with the current amount of relative
soil-pile movement. This simplified combined model needs only relatively basic information
about the soil (U, vy, v, Gy, u, ¢'), slope geometry (B, H, L), pile properties/layout (B, El, S,
plus My, for checking capacity is not exceeded) and earthquake (a time history and dynamic
amplification factor for estimating amax), and an estimated slip plane depth (zg,). A
procedure for estimating zg, via an optimised upper-bound plasticity analysis (here

conducted using Discontinuity Layout Optimisation, DLO) was also proposed.

The model was validated against a database of centrifuge test results having different
pile-to-pile spacing and earthquake excitations in cohesionless soil. The permanent slope
deformations and maximum induced bending moments (M..) were predicted extremely
closely for first earthquake conditions using back-calculated values of zg,. Using the DLO
procedure to estimate this parameter resulted in similarly good deformation estimates, but
under-prediction of Mma« due to the high sensitivity of M.y to zgi,. This implies that there is
scope to develop the zg;, predictions further. The method can also be applied to subsequent
strong shaking (aftershocks), but the predictions, while reasonable, become poorer as
greater numbers of subsequent earthquakes are applied (generally over-estimating crest

deformation and under-estimating Max).

The model will be useful in seismic design for determining appropriate pile layouts and
sizing/detailing to meet a prescribed amount of slope deformation at the crest while ensuring

that the piles remain elastic. This will provide a useful screening tool for identifying
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promising configurations for further, more detailed numerical (Finite Element) modelling

which can fully verify dynamic behaviour.
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Notation

Roman:

A Monotonic/cyclic loading factor for P-y curve

a Shear strain constant

amax Peak acceleration at ground surface

B Pile width

b Shear strain constant

c’ Cohesion intercept

Cy, Lateral pile resistance constants

d Incremental slope-parallel slip

Dgq Equivalent diameter of a circular pile

D Relative density

e Natural void ratio

E, Pile Young’s Modulus for equivalent solid circular section
El Bending stiffness (pile)

G Shear modulus

G, Small strain modulus

G, Shear modulus associated with critical length

GLe Median value of operative shear modulus over the critical length
g Acceleration due to gravity ( = 9.81 m/s?)

Im Stiffness reduction factor for local non-linearity in stable soil
H Slope height above toe

k Subgrade reaction modulus

ky Pseudo-static seismic horizontal acceleration (g)

kyn,  Yield acceleration (g)

K, Lateral earth pressure coefficient (at rest)

Passive lateral earth pressure coefficient
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L

L¢

M
Miax
Mult
M.,

N¢q

Pa

Pm

Yo

Vs

z

Zslip
Greek:

Aq2
B
Bo
14

14

Yw

Length along slip plane

Critical length of pile (below slip plane)

Bending moment

Maximum induced pile bending moment

Pile bending moment capacity

Moment magnitude

Pile lateral resistance per unit shaft area (constant, depth dependent)
Atmospheric pressure ( = 100 kPa)

P-multiplier (pile shadowing effect)

Ultimate lateral soil-pile resistance (per metre length of pile)

Initial mean confining stress

Pile-soil resistance force (single pile)

Stress reduction factor

Pile centre-to-centre spacing

Pile axial resistance per unit shaft area (constant, depth dependent)
Pore water pressure

Pile lateral deformation (at 0.67 z;, below soil surface)

Cumulative soil slip

Depth below ground surface

Depth of slip plane

Stress reduction coefficients

Slope angle

Initial slope angle (pre-earthquake)
Soil unit weight

Effective (buoyant) unit weight

Unit weight of water ( = 9.81 kN/m°)
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Interface friction angle

Shear strain

Cyclic shear strain

Effective angle of friction

Angle of friction (accounting for non-associativity)
Critical state angle of friction

(Secant) Peak angle of friction

Poisson ratio (soil)

Homogeneity factor (shear modulus variation with depth)
Total overburden (vertical) stress

Effective overburden (vertical) stress

Normal effective stress

TapplicaPPPlied shear stress

Tav

Tult

W

RMS average cyclic shear stress
Soil shear strength

Effective angle of dilation



Table

Table 1: Summary of centrifuge test database for model validation

Test ID D, (%) S/B Input motion No. of earthquakes
AA01 56 Unreinforced Chi-Chi 4
AA13 60 7.0 Chi-Chi 4
AAl14 57 4.7 Chi-Chi 4
AA15 59 3.5 Chi-Chi 4
AA17 59 Unreinforced Kobe 4
AAl16 57 4.7 Kobe 4




Figures Captions

Figure 1: Slip mechanism in pile-reinforced slope; (a) overall configuration; (b) forces acting on a pile-stabilised
slipping soil element.

Figure 2: Simplified model for geometric hardening (slope re-grading) for a slope suffering translational slip (after

(1]).
Figure 3: Modelling approach for soil-pile interaction (SPI).
Figure 4: P-y coefficients as a function of friction angle (after [14]).
Figure 5: Stable soil interaction and definition of shear modulus within stable soil.
Figure 6: Relationship between p-multiplier and normalised pile spacing (pile shadowing effect).
Figure 7: Relationship between g, and pile deformation y,; (effect of non-linearity in stable soil)
Figure 8: Flow chart summarising analysis procedure.
Figure 9: Normalised bending moment curves for piles resisting an infinite slip.

Figure 10: Centrifuge model layout, with instrumented elastic piles shown, dimensions in m prototype scale (mm
model scale in brackets).

Figure 11: Comparison of predicted operative shear modulus with depth and centrifuge test observations.

Figure 12: Shear stress, shear strain and shear modulus in test AA14, EQ1: (a) at 2.75 m depth, (b) at 4.50 m depth,
(c) at 6.25 m depth.

Figure 13: Calculated SPI curves for centrifuge test conditions.

Figure 14: Effect of pile resistance mobilisation and geometric hardening on slope behaviour; (a) crest settlement; (b)
development of yield acceleration.

Figure 15: Validation for test AA13 (S/B = 7.0): (a) Predicted and measured crest settlement; (b) Predicted and
measured maximum moment (M,,.,); (c) variation of yield acceleration and input motion.

Figure 16: Validation for test AA14 (S/B = 4.7): (a) Predicted and measured crest settlement; (b) Predicted and
measured maximum moment (M,.,); (c) variation of yield acceleration and input motion.

Figure 17: Validation for test AA15 (S/B = 3.5): (a) Predicted and measured crest settlement; (b) Predicted and
measured maximum moment (M.,); (c) variation of yield acceleration and input motion.

Figure 18: Predicted and measured bending moments along piles, end of EQ1: (a) Test AA13; (b) Test AA14; (c) Test
AA15.

Figure 19: Peak friction angle used to determine initial position of slip surface.
Figure 20: Effect of using DLO-predicted slip plane depth on prediction of slope deformation and maximum pile

bending moments.



Click here to download high resolution image

Figure 1

Slope surface



http://ees.elsevier.com/soildyn/download.aspx?id=158175&guid=c25f1975-1346-4139-a38d-5fd1e5877989&scheme=1

Figure 2
Click here to download high resolution image

Step i_:

Settlement

increment, Crest Toe

d; sinB; '

Step i,:

New slope
surface

(for step i+1)

H, :
'| H,—d,sinp, S i
‘*.,_M
5, ATENCT SRR o : B[‘_ i
5 e
L d; cosp,


http://ees.elsevier.com/soildyn/download.aspx?id=158176&guid=33d73495-4c63-4c56-b811-df39aab2229f&scheme=1

Figure 3
Click here to download high resolution image

displacement

Slipping soil

Stable soil

Depth, z

P-y
spring
------------------- Yo s
~y Picosp

- . R S R S . S

Modified
elastic
model

b o= e o= =



http://ees.elsevier.com/soildyn/download.aspx?id=158177&guid=d05a7d99-5204-40cf-9799-80b1bb5d699e&scheme=1

Figure 4
Click here to download high resolution image

5.0 80
- 70
4.0
- 60
- 50

-
o

Values of Coefficients C, and C,
S
o
k (MPa/m)

2.0 . 30
- 20
1.0
- 10
0.0 : r : ; - . T : : + 0
20 25 30 35 40 45

Angle of friction, ¢’ (degrees)


http://ees.elsevier.com/soildyn/download.aspx?id=158178&guid=1414c3c9-c36e-47ce-85bb-4460263471c3&scheme=1

Figure 5
Click here to download high resolution image

Shear
modulus, G

‘Operative’ G


http://ees.elsevier.com/soildyn/download.aspx?id=158179&guid=5becd1a1-a102-4173-b329-52071dfacc7b&scheme=1

Figure 6
Click here to download high resolution image

1.2

1.0 O ©
0.8 A
‘:E 0.6 O
A
0.4 o
O Wang and Yen [3]
0.2 A Haywood et al. [20]
¥ = Equation (24)

0.0


http://ees.elsevier.com/soildyn/download.aspx?id=158180&guid=372e32e7-4672-4f84-a271-326a07d93139&scheme=1

Figure 7
Click here to download high resolution image

1.2

O Data from Alizadeh and Davisson [22]
—Equation (25)

0.4

0.2

0.001 0.01 0.1 I
Y8


http://ees.elsevier.com/soildyn/download.aspx?id=158181&guid=b8fd4b17-f27e-414d-b887-456d6d7acb04&scheme=1

Figure 8

Click here to download high resolution image

Soil-pile interaction (SP1) model:

Determine G, = f{z) [Eq.14]

¥

Estimate RMS shear stress
r, = Hz) [Eq.16]

W

Estimate cyclic shear strain
E, .. = f{z) [Eq.20]

¥

Find operative shear
modulus G = f{z) [Eq.15]

Substitute for y, to obtain P = f{y,)

¥

Determine $* [Eq.6) : Stable soil: Assume initial |

T E ¥ critical length L, EE

Determine z,;,, (DLO) i Assess G_= Glz=L_) N :.:

¥ Updatel, | &

L A———| | | : Reassess L for current G, ax
i\ Slipping soi; - [Ea. 11 :
i i Determine p, [Eq.8] i | L, consistent? ::
ii ! - :
E i Determine P = f{y,_ .y ) [Eq.7] E i Determine P=f(y_} [Eq.9] ii
ii ____________ 4____________.: Sr————— |.----.----......--.----...---.:E

Multiply by p_ & g_, to obtain 5Pl model [Eq.23 & 24]

- .

Newmark
sliding biock: Evaluate pile pinning force P, €
'
Determine yield acceleration Estimate slip increment (d)) Determine cumulative
ki, =B, Ly By 2.} [Eq.3] using Newmark's method slipy,, = Id,
" |
W W

LUpdate slope angle B, [Eq.4]

Update slip plane length L, [Eq.5]



http://ees.elsevier.com/soildyn/download.aspx?id=158182&guid=419edea1-d6c2-4b06-b1c1-cd3646ee3f87&scheme=1

Figure 9
Click here to download high resolution image

-1

Above slip Zyof L = 0.1

plane 2y, /L = 0.5
— Islipﬂ'c = l_ﬂ
— = =Depth of M

-0.8

0.6 -

miax

-0.4

-0.2

0

(z- Iﬂp}f L

0.2

0.4

0.6
Below slip

— plane



http://ees.elsevier.com/soildyn/download.aspx?id=158183&guid=f312acad-7c11-495f-9fc2-d584ed05c86d&scheme=1

Figure 10

Click here to download high resolution image

|4 (280)
| 1|

LVDTs

§ 5,

I

[+836)
1.8 (36

| 1.8(36) |4 ="T7 =
1.8 (36)

1.8 (36)
LT os(1o)

11 (220) | 15 (300) 7.5 (150)

_ Accelerometers

« Strain gauges


http://ees.elsevier.com/soildyn/download.aspx?id=158184&guid=dafb2b10-be47-4765-a504-76f1b79b121f&scheme=1

Figure 11
Click here to download high resolution image

Shear modulus (MPa)

50

100

i i i 1 L i i i

150

Depth (m)
o+

o~
L

Reduction due to
cyclic shearing

-]
<

- - - Go (Hardin & Drnevich 1972)
— Equatiﬂn {IE)
e Centrifuge data (@ G,,,,, )

b
LY
™
A
b

10


http://ees.elsevier.com/soildyn/download.aspx?id=158185&guid=868508ee-ee4e-4f24-8fb9-a96deec70592&scheme=1

Figure 12

Click here to download high resolution image

|

stress t (kPa)

Shear
& ﬁ“““ﬁi’}a
b i B
Shear

Shear Stress 1 (kPa)

G=121MPa
D&pl.hlpz.‘rﬁm

.2 0.1

()

0 01
Shear Strain ¥ (%)

0.2

=4
]
1

0

o 95
M B

strain w{%)
=]

S &

dhh'l-

=4
o

s 8 &

Shear Stress 1 (kPa)

=25 4 MPa
ﬂﬂpll2‘?= 4.5m

[ ——

3 02 01

0 01

02 03

Shear Strain y (%)

(b)

Shear
stress 1 (kPa)
=

Shear

-4
=

a3

oo
o

strain y(%)

&

b O B
t

S
o't

Shear Stress t (kPa)

‘8302 01 o0

~01 02 03

Shear Strain y (%)

()


http://ees.elsevier.com/soildyn/download.aspx?id=158186&guid=4f43e33b-b37c-407a-8430-879b7c80a6ec&scheme=1

Figure 13
Click here to download high resolution image

-
(=)
o

= o)
< 160
o 140 {4 P PO ==mrmcccccccsnsnccsnnsncnna= <
@
<
81201 df pomcccm e - - !
&
S 100
8
0 80 -
o
E 60 -
g 40 —o0—P at S/B=7
E‘I 20 -o0=- P at S/B=4.67
th —o— P at S/B=3.5

0 © u . . ,

0 0.01 0.02 0.03 0.04 0.05

Slip of unstable soil, y, (m)


http://ees.elsevier.com/soildyn/download.aspx?id=158187&guid=e1adb2c8-0239-4650-8383-1bd73eadcad4&scheme=1

Figure 14

Click here to download high resolution image

1
{| = = Unreinforced slope (a)
E 0.8 - Reinforced (S/B=3.5)
E l e E iy o e
S 0.6 - =
= s
© 0.4 - r_,"
& ' J
) ﬂ.E ' ! Ff
u o - T L L] L L]
0 10 20 30 40 50
Time (s)
0.30 T
Mobilisation Geometric hardening (b)
of pile 1
__ resistance ‘_,I"-'—
=2 . Geometric hardening (re-grading)
c 0.20 - \
E /-
g 4
: L
S 0.10 4
£
Eg Ground acceleration {AAIJ‘I}
= =k, (unreinforced)
Kny (Piled, S/B = 3.5)
ulnu LI L] L] L
0 10 10 30 40 50

Time (s)


http://ees.elsevier.com/soildyn/download.aspx?id=158188&guid=8121addd-134d-4fb8-9c4d-d219efff2fd9&scheme=1

Figure 15
Click here to download high resolution image

Time {s)
0 50 106
n & & i i 5 & . .
= — AAI3J, centrifuge
a-.E.- e g = 1.0 (o local non-linearicy)
E ------ = = g from Equation (25)
E 0.5 -
@
; .
@
160 . -
(b) :
_ 120 ; -
E ] : 3
z ! ; |
% 80 ! ! !
I( i E — AAILL, centrifuge
e ' | —— g, = 1.0 (no local non-linearity)
: : = = g, from Equation (15)
g A
0 50 l lﬂ:m 150 200
0.50
| () |
s 0.211 0.254 | | 0.2717
o2 Il i " i ’"
§ ool lf 'ﬂ i 'f ‘“HW HMM'
% 0.00 4 _ T
ii: 1 TR | l'{ | H i |
.H_. .75 | Tlme [5} | | |
& oo | EQI €02 EQ3 EQ4

—— Ground acceleration, A3

—— g = 10 (no local non-lingarity) = = g from Equation (25)



http://ees.elsevier.com/soildyn/download.aspx?id=158189&guid=4e1ac370-6d52-4761-8dd0-aef4840a5e0d&scheme=1

Figure 16
Click here to download high resolution image

0 50 Time & 150 200
0 i i
= — AALY, centrifuge
E, —— £ = 1.0 (no local non-linearity)
E = = g from Equation [25)
=) 0.5 -
a
E e a Eoa em a)
(a)
I
160
(b)
120 :
E ;= - ; -
z : ]
2 80 - | .
f‘. E — AA4, I:!IHfoui!
s ; — E., = L0 {no lecal non-lnearicy)
i — — g_ from Equation (15)
0 s 3 : -
o 50 100 150 200
Timme (5}
0.50
() |, ; |
‘ - 0257 | | oare | || 0.294 0.304
B 0.25 1 9 (1T T
g 0.21 |'|“| me it |
Iﬁ | | ..| ) i i | ' |!
£ 0.00 (il S i oat LV T
¢t W " so NRHEHTINT 00 ¥
: i i ; |
e 4 Time (s
E_E.IS o {5]'
] EQI EQ2 EQ3 EQ4
-0.50

——— Ground acceleration, AAl4 —— g_ = 1.0 (no local non-linearity) = = g, from Equation (15)



http://ees.elsevier.com/soildyn/download.aspx?id=158190&guid=b6122f9e-ed13-4968-9167-b292f91ee3d2&scheme=1

Figure 17
Click here to download high resolution image

Time {s)
100

I 50 100

i

Crest settlerment {m)
=]
in

(a)

— AAILS, centrifuge -

e . = L0 (o local non-linearity)
= = ., from Equation {25)

(b)

— A5, centrifuge
—— g = 1.0 {no local non-linearity)
= = g from Equation (15)

0 v . .
0 L0 100 150 200
0.50
(<€) . |
E I|| I 0157 ﬁ_:jll |'i|| n.1:1 I “ 'ﬂ‘.JErl
= 0.25 4 i ! 1 [
S e
[ =
-]
E 0,00 4
-g $ . so0 § [ 150 §° 2
| 1 1 1
Tl (5)
= .15 = i |
-4 [ |
£
EQI EQ2 EQ3 "1 E
P Q Q Q Q4

—— Ground acceleration, AAIS —— g_ = 1.0 (no local non-linearity) — — g from Equation (25)



http://ees.elsevier.com/soildyn/download.aspx?id=158191&guid=8e2f0efa-2602-4163-a3c9-09bb05c55ecf&scheme=1

Figure 18

Click here to download high resolution image

o 15 50 75 100 125
0 - i - 1 . -
(a)
2 [ mmmom e =mmgenr -
E et
5 4
B
8
&
=0 AAI L, Contrifuga
3 . —— Predicted: g, = 1.0
===« Predicted: g, = Eq.{15)
= = |nferred slip plane location
1]
Bending moment (kMm}
0 25 50 75 100 125 150
u E i i e 5
1 (B)
R T et
B
£
2
a 61
=0— AA 14, Cantrifuge
B Fredicted; gq,= 1.0
====Predicted: g, = Eq.(15)
= = Inferred slip plane location
o
Bending moment {(kMm)
i 15 50 15 ida 115 150
a A A H iy i
) (<)
1.------- A N - - - - S T - - . . .
E‘ 4 4 ‘_-.r";'-
E
& -~
a 6.
-
=0— AAI5, Centrifuge
8 4 = Predicted: g = 1.0
====Predicted: g7 Eq.{253)
;'I‘ = = Inferred slip plane location
L]

Bending moment (kMm)



http://ees.elsevier.com/soildyn/download.aspx?id=158192&guid=b0c270a1-c48e-4a5d-9f70-d9e99a14b89a&scheme=1

Figure 19
Click here to download high resolution image

Peak friction angle, ¢",, (°)
30 34 38 42 46 50

' =41.7-1.2z

phk

Depth,z (m)
IN

e Data from [I]



http://ees.elsevier.com/soildyn/download.aspx?id=158193&guid=862c9fd4-90c1-46e6-9eba-fe877db5dcbd&scheme=1

Figure 20

Click here to download high resolution image

= = = =
= o oo - )

Predicted cumulative crest settlement(m)
=
(]

200

2

Predicted M, (kNm)
&

i
o

O AA13 (Best-fit) s
1 O AAl4 (Best-fit) % = *
1 © AA15 (Best-fit) /
| & AA16(Best-fit) 2%
© AA13(DLO) B x ,
- Fi
S fnn  Aum
i oV o 0.6 - -
] & AMSOLO) c:g 4 O EQ1 only: 4
= = Parity (1:1) & 1
e *  AADl (& 8 & 0.4 4 4
] + az L% /3Hé
‘ zﬂEréﬁ 21 /A
- / i ’
| o o : i
’ 0 0.2 0.4 0.6
—— —— T — 7
0 0.2 0.4 0.6 0.8 1 1.2
Measured cumulative crest settlement (m)
©  AAl3 (Best-fit)
| O A4 (Best-fit) P
¢  AALS (Best-fit) #
A AA16 (Best-fit) ’
1 © Aa13(DLO) #
0 AAl4(DLO) s
1 ¢ Aais(oLo) 0" ao
A AA16 (DLO) oom [ : 2
e it 5 ﬁ - % éﬁ . EQ1 only:
100 -
. & A
L® pom on
_ o OO 50 4 P
# # .
L F 4
" 0 ¥—— . :
® 0 50 100 150
'F ¥ T ¥ LJ ¥ T :
0 50 100 150 200

Measured M__, (kNm)



http://ees.elsevier.com/soildyn/download.aspx?id=158194&guid=bbf1c48d-f84c-4daa-85d7-795d42022335&scheme=1

