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Newmark sliding-block procedure for slopes containing vegetation.

Use of mobilised friction angle compatible with the strength of the input motion.
Simulation of non-associative behaviour via an equivalent associative friction angle.
Failure mechanism and yield acceleration from Discontinuity Layout Optimisation.

Potential benefits of roots in reducing slip varies with the height of the slope.
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1 Newmark sliding block model for predicting the seismic performance of vegetated slopes
2 T. Liang & J. A. Knappett*
3 Abstract:
4 This paper presents a simplified procedure for predicting the seismic slip of a vegetated slope. This is important
5  for more precise estimation of the hazard associated with seismic landslip of naturally vegetated slopes, and also
6  as adesign tool for determining performance improvement when planting is to be used as a protective measure.
7 The analysis procedure consists of two main components. Firstly, Discontinuity Layout Optimisation (DLO)
8  analysis is used to determine the critical seismic slope failure mechanism and estimate the corresponding yield
9  acceleration of a given slope. In DLO analysis, a modified rigid perfectly plastic (Mohr—Coulomb) model is

10 employed to approximate small permanent deformations which may accrue in non-associative materials when
11 subjected to ground motions with relatively low peak ground acceleration. The contribution of the vegetation to
12 enhancing the yield acceleration is obtained via subtraction of the fallow slope yield acceleration. The second
13 stage of the analysis incorporates the vegetation contribution to the slope’s yield acceleration from DLO into
14 modified limit equilibrium equations to further account for the geometric hardening of the slope under
15 increasing soil movement. Thereby, the method can predict the permanent settlement at the crest of the slope via
16  a slip-dependent Newmark sliding block approach. This procedure is validated against a series of centrifuge
17  tests to be highly effective for both fallow and vegetated slopes and is subsequently used to provide further
18 insights into the stabilising mechanisms controlling the seismic behaviour of vegetated slopes.

19 Key words: Analytical modelling; Centrifuge modelling; Dynamics; Earthquakes; Sand; Slopes; Vegetation;
20  Ecological Engineering

21

22 1. Introduction

23 The use of vegetation to reinforce soil on landslip-prone slopes is an ecologically and economically beneficial
24 sustainable alternative to traditional civil engineering reinforcement techniques [1-3]. The mechanical benefit of
25 roots on slope stability has been commonly accepted. Many analytical models have been developed, based on
26 small site in-situ investigation and laboratory tests, to quantify this benefit and predict its impacts on global
27  slope behaviour [4-6]. However, to the best of authors' knowledge, all of these analytical models have been
28 developed for static/monotonic use. The impacts of vegetation on seismic performance of slopes subjected to
29  earthquake ground motions are generally overlooked in preliminary design. As observed by recent physical
30 modelling studies [7-9], vegetation could highly improve the seismic performance of slopes (in terms of crest
31  settlement) especially for the case of slopes of modest height (e.g. small embankments). As a result, ignoring the

32 benefit of vegetation may lead to a conservative result and the use of more extensive remedial methods (e.g.
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piling, soil nailing) which may not be necessary. Analytical models which incorporate vegetation are therefore

required for use in seismic analysis and design [10].

Eurocode 8 [11], which guides the design and construction of buildings and civil engineering works in
seismic regions within Europe, recommends the use of established methods of dynamic analysis, such as Finite
Elements (FE) or rigid block models or by simplified pseudo-static methods to determine the response of slopes
to a design earthquake. Given the computational expense of the FE method, a complimentary simplified
procedure would be highly useful in preliminary design, particularly for identifying key cases for further
detailed study via FE. While compared with pseudo-static methods, Newmark sliding block models [12], which
as displacement-based methods, are aligned with modern trends in performance-based design and assessment,
potentially offer a useful basis for such a method, especially given their popularity. Recently, such methods have
been developed to incorporate the large displacement effects of continued sliding in hardening the slope

response [13], and also to incorporate the stabilising effects of a row of discretely spaced piles [14].

In this paper, an improved sliding-block procedure is developed to predict the seismic performance of
vegetated slopes. The procedure consists of two components. Firstly, an analysis using Discontinuity Layout
Optimisation (DLO [15]) is used to detect the critical seismic failure mechanism for slopes incorporating zones
of enhanced strength where the roots are present (i.e. the lowest upper-bound mechanism using a virtual work
approach and optimisation routine) and predict the contribution to the yield acceleration of a given slope
configuration provided by the roots. This derived yield acceleration information is then incorporated into a
modified limit equilibrium formulation for a sliding block to further account for the geometric hardening of the
slope as it flattens with slip, allowing the permanent settlement at the crest of the slope to be estimated. The
procedure is then validated against a database of centrifuge test results reported in [8], and subsequently used to

reveal further insights into the seismic behaviour of vegetated slopes.

2. Discontinuity Layout Optimisation

2.1 Fundamental theory

Discontinuity Layout Optimisation [15] is a recently developed numerical limit analysis procedure which can be
applied to a wide range of geotechnical stability problems involving cohesive and/or frictional soils. Compared
with the more traditional Finite Element Limit Analysis (FELA) technique which requires discretising the
problem into solid (finite) elements, DLO employs rigorous mathematical optimisation techniques to identify a
critical layout of lines of discontinuity which form a kinematically-admissible collapse mechanism. These lines
of discontinuity are typically ‘slip-lines’ in planar geotechnical stability problems and define the boundaries
between moving rigid blocks of material which form the mechanism of collapse. Associated with this
mechanism is a collapse load factor, determined via the principle of virtual work, which is an upper bound on
the ‘exact’ load factor according to formal plasticity theory. The core matrix formulation for seismic problems is

given in Appendix A, repeated from [16] for completeness.
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2.2 Constitutive modelling of soil

DLO calculations were carried out using the software LimitState:GEO, v.2.0, which involves an adaptive
solution procedure described by Gilbert & Tyas (2003) [17] to significantly reduce memory requirements and
the time (of the order of a few minutes) to reach an optimised solution. The geometry of a vegetated slope
problem is shown schematically in Fig.1. The root-soil matrix is modelled using smeared zones with additional
representative shear strength (here incorporated into the soil behaviour as additional cohesion) reflecting the
contribution of the roots, which can vary with depth. The maximum rooting depth is denoted @as h, and the lateral
spread of the roots by the Critical Rooting Zone (CRZ), essentially a diameter which defines the zone of
dominant structural roots which have been found to provide more than 80% of the total root mass. [The two-
dimensional (2D) plane strain model assumes that the input additional representative shear strength from the
roots can be modelled as an equivalent amount per metre length of the slope, accounting for the plant spacing in
the out-of-plane direction.

The current implementation of DLO uses a rigid-plastic material model based on the Mohr—-Coulomb
model with an associative flow rule for frictional materials, and this was used in the modelling presented herein.
Four soil input parameters were required, namely: unit weights under saturated and dry condition and two
measurable effective stress strength parameters, i@ and €' Although associative flow is implicitly assumed in
this model, such an assumption will overestimate the yield acceleration compared to the true non-associative
behaviour in the soil due to an overestimation of the amount of dilation, and therefore potentially overestimate
the yield acceleration resulting in an under-prediction of seismic slip. Hence non-associative flow should be
considered pre-input [18]. As the soil model is rigid-plastic, if the strength is defined by the peak friction angle
it will imply that slip will not occur until peak strength is exceeded, even though the soil may be substantially
into its non-linear elasto-plastic deformation range below this level, and therefore able to accrue small
permanent displacements with repetitive cyclic loading. To overcome these limitations an approximate
procedure is proposed below (and validated against centrifuge data later on) to account for non-associativity and
pre-peak accumulation of (small) deformations via an equivalent associative analysis with a mobilised friction
angle (#'mop) [19] and corresponding mobilised yield acceleration for cases where the induced seismic shear
stress is less than the peak shear strength of the soil to allow improved predictions of small amounts of

permanent displacement in smaller earthquakes.
2.3 Influence of non-associativity

Here, non-associative flow was modelled by adjusting the value of ¢' = @', USed in the analyses from the
actual value for the true non-associative behaviour to an equivalent associative value ¢*as suggested in [20] and

previously used for other seismic limit analysis problems (e.g.[21],[22]), given by:
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where ¢'nop IS @ mobilised friction angle which takes a value between a lower bound of ¢' at critical state and
an upper bound of ¢\ if the seismically induced shear stresses would be sufficient to exceed the peak soil

strength. Considering the limiting case of ¢'mo = @' , #'p Can be written in terms of dilation angle i/ as:
by =0, +08y @
for plane strain after [23]; ¢ can also be given as a function of the relative dilation index I :

¢,I)k _¢cs = AIR (3)

where A is a dimensionless factor to account for strain type (A =5 for plane strain) and Iy is given by:

Ih=le@=mp)=R @

Characteristics'and p' is the mean confining stress, which can be expressed in terms of the vertical and horizontal
effective stresses using:

1 L1 .
p =§(0'V +0,) =§(0'V +2K,0,) ()

where 0'\', is the vertical effective stress, 0';1 is the horizontal effective stress, and K is the earth pressure

coefficient at rest , which for normally consolidated soils may be estimated using:

K, =1-sing/, (6)

The dilation angle utilised by this approach and expressed via Eqg. (2) is the maximum dilation angle,
corresponding to a capping Yyield surface. The state of soil is very strongly dependent on its stress history
[25],[26] and the shape of the yield surface is determined by the maximum stress the soil has ever experienced.
For smaller earthquake motions, the magnitude of the induced shear stresses may not be sufficient to push the
effective stress path within the soil to the capping yield surface, though there may be accumulation of small
plastic strains due to inelastic stress-strain response of the soil pre-failure. This is here represented by an

expanding yield surface (described by ¢'mo,) for the non-associative soil, which the induced shear stresses from
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the combined effects of the ground slope and the earthquake will just reach. It is then assumed that Eq. (2) is

also valid below peak strength, i.e.:
¢r:10b = ¢c’s + 0'8‘//;101; 7

Eq. (1) is then used to approximate the non-associative values of @', and v nep as an equivalent associative
value. When a ground motion is large enough to push the mobilised yield surface to the capping yield surface
the soil will dilate to the maximum (capping) condition and any further increase in ground acceleration and
seismically induced shear stress will not further change the shape of yield surface. Compared to recent previous
sliding block models ([13],[22]) which considered strong ground motions with peak accelerations large enough
to easily exceed the peak strength, the use of ¢, here extends the range of applicability to smaller ground

motions, a feature which will be useful in the later validation against centrifuge data.

To incorporate the model of soil behaviour described above into a slope stability problem, it is necessary to

estimate the peak induced cyclic shear stresses in the ground such that the mobilised friction angle ¢'., can be

estimated. For a slip plane at depth z beneath the slope surface (fallow soil) and parallel to it (i.e. infinite slope
faillire); Under Uniaxial horizontal Shaking(i-e:"plane sirain' = see'Figi2). the applied down slope shear stress
Eappie iS:

Tonoics = 728N SCOSB+K 2COS" (8)

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 shear stress induced by the earthquake, (iere; 2 is the Soil Unit Weight, s the'slope
angle and ky is the horizontal seismic acceleration coefficient). The effective normal stress o' on the same slip
plane is:

o' = yzcos® B—k,yzsin fcos f—u 9

Where'Uis pore Water pressre! In dry cohesionless soil, as modelled in the centrifuge testing described later, u =

0. Then the mobilised friction angle (for a cohesionless soil) may be estimated as:

tang.. = Tuppies _ 728N BCOS B+ K zCO8° B tanf+k, _ tan[g+ tan(k, )] (10)
" gl pcos’ B—kzsinBcosB 1-k, tan B "

n

or alternatively,
B = B+ tan(k, ) (11)
Eq. (11) is applicable while ¢'cs < @'mop < @i

The model described in this section is shown schematically for the simplified case of ¢' =0, u = 0 in Fig.3,
with some indicative cyclic loading shown in the positive quadrant of a shear stress-strain plot in Fig.3 (b)-(d).

The model essentially assumes that for the purposes of predicting plastic slip, a soil with a dilative peak strength
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can be idealised as being elastic, accruing no plastic strain while ¢, < @'cs (Fig.3(b)). This captures the slope
being initially stable under static conditions and demonstrates that the slope can sustain a small ground motion

(low k) without inducing slip. Once ¢'no > ¢'cs the model assumes that the soil will be well into its non-linear

elasto-plastic range, even though ¢fmay < @, With Eq. (11) describing the value of ¢ as a function of the

stronger earthquakes will induce greater slip for a given slope angle. Once ¢y = ¢, the model reduces to a

conventional slip model based on the soil initially having its peak strength. Therefore the key new feature of this
model is that a low-to-moderate strength earthquake can now potentially induce some slip within a sliding block
model. Previous models, even those with sophisticated strain-softening behaviour (e.g.[13][27]) required the
peak strength to be exceeded before any amount of slip could take place, even if it subsequently softened rapidly
to the critical state condition, and therefore could potentially predict zero slip in cases where the earthquake is
moderately strong and inducing a highly non-linear elasto-plastic response within the soil. The new model

therefore potentially makes sliding block analysis applicable to a wider range of earthquake motions.
2.5 Geometric-hardening and vegetation

In the forgoing section, it has been proposed that through the use of smeared zones with additional shear
strength from the roots (Fig.1), and through careful selection of mobilised friction angles, DLO could be used to
determine the critical failure mechanism and corresponding yield acceleration in vegetated slopes over a wide
range of input motion strengths. However, one drawback of the DLO procedure (and indeed all limit analysis-
type procedures for seismic problems) is that it does not immediately provide a direct measure of slope

performance (e.g. seismically-induced slip) and only provides a measure of the instantaneous yield acceleration

for the initial pre-earthquake slope conditions and therefore cannot account foFian increase of yield acceleration

Performing many repeat analyses on cases with reduced slope angles. In this section the sliding block method
introduced by [12] and modified by [13] to allow for geometric hardening in fallow slopes is further developed
to estimate the permanent deformation response of vegetated slopes, utilising only initial yield accelerations
derived from DLO.

The mechanism of earthquake induced slope displacement is the sliding of an essentially rigid block (for
shallow translational slips such as shown in Fig.2) along a well-defined slip surface. From Newmark’s original

method,

aslip = a(t) - I(hy (12)
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/ASidefrom the"DILO approach "mentioned €arlier, the horizontal yield acceleration of a shallow

translational slip in fallow soil may be estimated using standard limit equilibrium techniques, incorporating

pseudo —static acceleration components due to the seismic ground motion, as shown previously in Fig.2

[28][29][30]. Here, fhe'Shear strength of the soil'along the'slip plane'zy! in the fallow case, assuming that the soil

failure can be described by the Mohr-Coulomb failure criterion using an equivalent associative strength

parameter ¢, is given by:
7,,=C+(yzcos’ B—K,yzsin fcos B —u)tang (16)

where c¢' is the soil cohesion (due to cementation or structure effects). The soil yields when zagpiies = 7ui , Where

Tapplied WA previously defined in Eq. (8), resulting in:

) _ CH(yzcos® p—u)tang” — yzsin fcos 17
ny( fallov) y2c0s’ B+ yzsin Bcos ftang”

In a vegetated slope, the mechanism is potentially more complicated given that the profile is now non-
homogenous (having rooted zones and non-rooted zones of defined geometry, as shown in Fig.1). An initial
assumption may be to average out the effect of the roots across the whole slope face and include it along with
any true soil cohesion in the ¢’ term in Eq. (17), that is

c'=c +A7r (18)

soil

However, such an approach was used in FE simulations presented in [7] and it was found that it highly over-
predicted the reinforcing effect of roots on slope performance and highly under-predicted seismically induced
slip when compared to centrifuge test data. However an alternative way of expressing Eq. (17) with Eq.(18), is
by dividing it into two parts, one attributed to the fallow slope and the other attributed to the mobilisation of root

resistance. This gives:
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_ ', +(zcos® f—u)tang” —zsin Bcos B N At (19)
trooted 72008’ B+ yzsin Bcos Btang’ y2c0s® B+ yzsin Bcos Btang’

or, alternatively:

khy(romed) = k + Ak (20)

hy( fallow) hy

where Ak, is the increase of yield acceleration due to the presence of the roots. As both rooted and fallow yield
accelerations can be determined using DLO, the root contribution can be estimated from:

Akhy = thytrOooted) - kif;t(;llom) (21)
Eqg. (20) and Eq. (21) may show small differences in the values of k,, between the limit equilibrium (Eqg. (20))
and DLO-derived (Eqg. 21) versions depending on the appropriateness of the infinite slope limit equilibrium

model for a particular slope geometry, with the DLO value more appropriately capturing the true geometry of

the failure mechanism.

The slope angle will decrease with slip as crest settlements make the slope shallower (re-grading, RG). A
simplified model for re-grading is shown schematically in Fig.4 after [13]. The instantaneous slope angle Si.;

can be estimated by the following equation,

.., H -dsing 22
B.=1an (Hicot,gi+di005,3i) “

where H;is the height of the slope at the previous time step of the Newmark analysis. For the initial time step, dy
=0, Hi=H and ;= f, (initial slope angle). It is assumed here that once the slope has deformed to a new, smaller
value of S, the failure mechanism will continue to be of the translational type, with a new slip surface parallel to
the new slope surface. Then the slope angle can be re-calculated at each time step to account for the regrading of
the slope based on the increment of slip occurring in the previous time step using Eq. (22). For the case of a
vegetated slope, as the rooted zones are near-surface it is here assumed that they will move with the surrounding
soil and that Kyrooteq IS affected be re-grading in the same way as Knyaiow) (i-€. that the effect is related purely to
the external geometry of the slope), such that Ak, in Eq. (21) will remain constant throughout the analysis. It is
therefore proposed that Eq. (20) can be modified to incorporate re-grading by multiplying the Knyanow) value
from DLO by a ‘re-grading reduction factor’ determined from the limit equilibrium method without recourse to

further DLO, recalculated in each time step as the slope flattens out, according to:

K _|,bLO khy(fallo\M (ﬂ’¢*’clsuil ’7’ui)) " (kDLO _KPwo ) (23)

hy(rooted),i — ' “hy( fallow) * ' hy(rooted) hy( fallow)
khy( fallow) (ﬂi—1v¢ 1C it 75 Uiy

with Knyganowy from Eq. (17). Eq. (23) incorporates, in an approximate way, the effects of the actual failure
mechanism geometry and any changes through the addition of the roots (through the use of DLO-derived yield
acceleration values), soil non-associativity (via ¢°) and geometric re-grading (updating of $) into a yield

acceleration that can evolve as the slope slips. It requires two initial DLO analyses of the initial geometry, one
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fallow and one rooted, and subsequently only Eq. (17) and Eq. (23) need to be computed at each time step
within an otherwise standard Newmark sliding block analysis. AfloWehart, Showing the complete procedure, is
SHOWRin"Fig:5:i The effectiveness of this model in quantifying the performance of rooted slopes will be
validated against previously reported centrifuge data [8] in the following section.

3. Validation of sliding block model
3.1 Centrifuge modelling

Dynamic centrifuge modelling was conducted using the 3.5 m diameter beam centrifuge and servo-hydraulic
earthquake simulator (EQS) at the University of Dundee [31]. The modelling and observations from these tests
are described in detail in [8]; only a brief summary is given here. The results of four tests from this previously
reported programme are utilised herein for validation of the Newmark model, representing identical 1:2 slopes
(B = 27°) at model scale, with varied g-level (to model slopes of different prototype height) and motion
frequency content as indicated in Table 1. All values presented herein are given at prototype scale, unless
specifically noted otherwise. The slope models were constructed within an Equivalent Shear Beam (ESB)
container in order to replicate a semi-infinite horizontal boundary condition in the direction of shaking [32],[33].
The slopes (at model scales) were prepared using dry HST 95 silica sand at a relative density of 55%-60% to
form a model slope of height 240 mm from toe to crest, with a further 80 mm underneath. Based on these
dimensions, at 1:10 scale (i.e. in a 10-g test) the prototype slope was 2.4 m high from toe to crest and at 1:30
scale and 30-g, the slope was 7.2 m tall. These models are shown in Fig.6. The sand was pluviated in air around
suspended model root clusters with realistic 3-D geometry that were fabricated at 1:10 and 1:30 scales using a
Stratesys Inc. uPrint SE Acrylonitrile Butadiene Styrene (ABS) prototyper (also known as a 3-D printer)
following the procedures outlined in [9], in each case penetrating into the slope to the same rooting depth (1.5
m). The ABS plastic root analogues were validated to be highly representative of the mechanical behaviour of
real roots (in terms of Young’s Modulus and tensile strength) after a series of uniaxial tension and bending tests,
reported in [7],[9]. In the out-of-plane direction, model root clusters were uniformly distributed at a spacing of
4] The models were each subjected to eight successive earthquake motions, comprising three different
records with distinct peak ground acceleration (PGA), duration and frequency content. The first motion (EQ1)
was recorded during the 1995 Aegion earthquake (Ms 6.2) and was predicted to cause only a small amount of
slip and predominantly acts to characterize the elastic dynamic behaviour of the slope. This initial motion was
followed by three nominally identical stronger motions (EQ2 — EQ4) from the 1994 Northridge earthquake (M
6.8) and a further three (EQ5 — EQ7) from the 2009 L’Aquila earthquake (M; 6.3), followed by a final Aegion
motion (EQ8). More details about these motions can be found in [7],[8].

3.2 Determination of yield accelerations from DLO

Before the Newmark-type analysis can be conducted, yield accelerations must be determined for the fallow and
rooted cases using DLO. Model layouts are shown in Fig.7 for rooted cases TL 07 (Fig.6(a)) and TL 06

(Fig.6(b)). Fallow cases had identical external geometry but without the rooted soil blocks shown in Fig.7. A
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fine nodal density (1000 nodes) was used in all DLO calculations to accurately describe the geometry of the

failure mechanism.

The properties of the soil within the slope were determined using the model shown in Fig.3. According to
Eq. (2) to Eq. (6), peak friction angle may be evaluated as a function of depth in the two slope models shown in
Fig.7 and averaged over the slope height H to obtain mean peak (upper-bound) friction angles of 47° and 44.5°,
for the 2.4 m and 7.2 m slopes, respectively. Considering first the shorter slope, the recorded peak accelerations
in EQ1 were 0.124g and 0.144g, for the fallow and rooted slopes, respectively, corresponding to a yield surface
with an initial ¢';,0, 0f 34° and 35°. Compared with the subsequent motions, the peak acceleration of EQ1 was
relatively small. A mobilised friction angle of approximately 38° (or 38.5°) can be determined for the
subsequent earthquake motions EQ2-EQ4, as shown in Fig.8 (a). Given that the peak accelerations of the
remaining motions (EQ5-EQ8) are not higher than those of EQ2 to EQ4, the maximum mobilised dilation has
been achieved during motion EQ2, and no further change in mobilised friction angle would be observed for the
final motions. In terms of the taller slope (Fig.8 (b)) which is subject to larger motions due to the increased
prototype low frequency content that could be simulated by the EQS at the higher scaling factor, the recorded
peak acceleration of EQ 1 is 0.196g, which corresponds to a yield surface with an initial &', of 38°. For EQ2,
the recorded peak acceleration is 0.61g, which is significantly higher than 0.31g (acceleration corresponding to
the capping yield surface when ¢'mqp = &), S0 all subsequent motions will mobilise the full peak friction angle
of the soil. These values of ¢, Were subsequently converted to equivalent associative values ¢ using Eq. (1),

with the values shown in Table 2.

sheal strength i’ the' Footed Zones: per imetré length of the (Iong) SIope, For future practical application in the

field, Az as a function of depth could be determined using new in-situ test methods (e.g. the ‘corkscrew’ test)
currently under development and undergoing field trials at the University of Dundee [34],[35]. The results of the
DLO analyses for the different slope heights, vegetation conditions and mobilised friction angles are
summarised in Table 2. In addition to the yield acceleration, the static factor of safety (F;) is also determined in
each case for context. Yield accelerations for fallow conditions were also estimated using the limit equilibrium
method (Eqg. 17) and these results confirm that a reasonable estimation of kg, is made using DLO for the fallow

cases in cohesionless soil.

The presence of roots is found to improve slope stability both in the static and dynamic condition. From
Table 2, an improvement of approximately 8% and 14% is observed for the static safety factor, for the 2.4 m and
7.2 m high slopes, respectively. In the dynamic condition, fRéyield'acceleration is increased by 14°21% and 23-
39%, for the 2.4 m and 7.2 m slopes, respectively. It is clear therefore that the presence of plant roots increases

slope stability and will reduce seismic slip due to increased yield acceleration.
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A comparison of the failure mechanisms determined for the fallow and vegetated slopes is shown in Fig.10.
It is clear that the 1:2 fallow slopes fail in a shallow translational mechanism, with a shear plane located at a
depth of 0.25 m and 0.70m, for the 2.4 m and 7.2 m slopes, respectively. This is consistent with visual
observations from the centrifuge tests. For the vegetated cases, different failure mechanisms are illustrated
between the larger slope (7.2 m) and the smaller slope (2.4 m). For the 7.2 m high slope, the slip plane is
observed to move from its fallow position at a depth of 0.7 m below the ground surface, which would have
passed (at approximately mid-depth) through the rooted zone, to below the rooted zone. For the 2.4 m high
rooted slope, it is subject to a much shallower (0.09m) localised slip failure between the rooted zones. This
appears to be a very different ‘buttressing’ mechanism, similar to that identified via FE modelling of a similar
slope with much simpler straight vertical rod root analogues in [7]. However, given that the roots penetrate very
deeply into the 2.4m slope such that they almost touch the base of the slope (Fig. 7(a) and Fig. 10(b)), it may be
that there is a deep mechanism passing beneath the roots as in the 7.2 m high slope with a similar k, that is
suppressed by the closeness of the bottom boundary (as a result of the limited model container size in the
centrifuge). In any case, it is apparent that the mechanism by which the roots achieve their stabilising effect is

by forcing the slip plane into a less optimal position around the rooted zones, compared to the fallow case.

Historically, the contribution of roots within slope stability problems has been considered through the
addition of Az along the unaltered fallow position of the slip plane, i.e. an increase of strength, rather than a
change in mechanism. This would previously have suggested that in order to maximise the effect of the
vegetation, species should be selected to have a large root area ratio and the strongest biomechanical strength
(i.e. lots of strong roots). The results shown here suggest that knowing the root shear strength contribution is
still important, but that (i) it is important to understand how this varies with position (particularly depth) in the
soil, rather than just conducting shear box tests of rooted soil block samples at a single depth, as this will affect
the optimal position of the shear plane as found using DLO; and (ii) once the roots provide a strong enough
contribution to force the slip plane to pass beneath them, there will be little point in targeting further root
strength. This suggests that if planting vegetation to improve slope performance, it may not be ideal to limit
species choice to the strongest rooting species, but that selection should be made based on rooting depth (and,
potentially, lateral root spread, CRZ) to result in the greatest deviation in the position of the slip plane. This will

be explored further in a later section.
3.3 Prediction of slip via sliding block analyses

Sliding-block analyses were subsequently conducted for each of the centrifuge tests, for the complete set of
eight successive earthquake motions. The input earthquake motion used was the acceleration record measured
at instrument ACC2 in each case (Fig. 6). [The effects of root resistance, geometric re-grading (change in /) and
non-associativity on the yield acceleration compared to the fallow slope using the mobilised friction angles for
EQ1(small earthquake) and EQ2 (large earthquake) of TL 06 is shown in Fig. 11 as an example. Only the
positive (downslope) accelerations have been shown for clarity. For the dry, cohesionless soil used in the

centrifuge tests, Egs. (17) and (23) become:
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compared with an analysis using acritial stte trength mode (strain hardening, SH, 0 o). As  resull, a lrge

portion of EQ1 is below the yield acceleration and this will strongly influence the deformation response (this

will be illustrated later). It is worth noting here that the effect of root resistance on yield acceleration was

constant between EQ1 and EQ2. [Fhistis clearly a Simplification of theproblem: because in reality oot
However, given that root-soil interaction will mobilise very rapidly with slip due to the small diameter of the

bepractical'fo'lise! Geometric re-grading causes the yield acceleration to increase non-linearly throughout the
earthquake with continuing slip (this is most noticeable for the larger motion, EQ2, in Fig.11 (b)), which will
lead to reduced slip velocity and hence reduced permanent slip compared with the case with no geometric

hardening.
3.4 Fallow slopes

Fig.12 and Fig.13 show the cumulative crest settlement across the eight earthquakes as predicted by the new
sliding block model and compare these predictions to the values measured in the centrifuge tests, for the 1:30
scale (7.2 m high) slope and the 1:10 scale (2.4 m high) models, respectively. IR'Fig:L2; predictions are made
based on both Eq. (17), which uses ¢* based on ¢'as, and also using a previous strain-softening model [13]. As
the earthquake motions were large enough to mobilise ¢y in all but EQ1, this case is a test of the suitability of
using ¢" within analyses; this is shown to give a very good match to the centrifuge data. In terms of the 2.4 m
slope, because of the smaller motions in this test, all of the earthquakes have ¢'mo, < @', SO this represents a
good test of the new sub-peak slip model (Eq. 11). As the earthquake motions get stronger, the mobilised
friction angle increases from 34° to 36.7°and 38°, for EQ1, EQ2 and the last six motions, respectively. The

match to the centrifuge data is very good, with the new model capturing the accrual of small deformations (of

the order of ~40 mm total, compared to the ~300 mm in Fig. 12). [R'Contrast, the Use of the previous model
from [13] predicts no slip in the 2.4 m case, as despite having a sophisticated strain-softening model, the
dynamically-induced shear stresses are never sufficient to exceed the peak strength and thereby trigger slip.

3.5 Rooted slopes

Fig.14 shows the results of simulations of cumulative crest displacement compared with the centrifuge test data,
for the 7.2 m rooted slope. A good match to the total measured crest settlement at the end of the test is presented.
A reduction of 15% in calculated permanent crest settlement is observed compared to the fallow case through
the modified sliding block model results. This reduction is consistent with the reduction in slip observed in the

centrifuge tests (15%). The sliding block model does not quite capture the reduction within each motion
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perfectly — as observed, the root contribution is mainly mobilised in EQ4 in the centrifuge tests, but this is

mobilised from EQ2 progressively in the simulated case.

Results for the 2.4 m rooted slope case are presented in Fig.15. Here, four cases were considered: case ()
is a direct comparison to the fallow case, with the only difference being the addition of the rooted zones; case (b)

is established to account for the root buttressing behaviour observed in DLO (Fig. 7(a)), and is achieved by

adjusting the slope height from 2.4m to 0.4 m in the calculation; GaSe/(C) Corresponds to the reduction of peak

case (d) considers the combined effects of case (b) and case (c). It can

clearly be seen that case (a) without consideration of the acceleration reduction effect highly under-estimates the

contribution of the roots in reducing the slope crest deformation response. Compared tothe fallow case, the

The reason for this is associated with the fact that the contribution of roots is mainly mobilized during the first
two motions and then has an apparently less significant effect for the last six motions in the centrifuge tests but
the simulated case assumes that the root contribution remains constant across the eight earthquakes. Fig.15
suggests that the contribution of roots to reducing seismic slip within slopes is a combination of an increase in

yield acceleration associated with a change of failure mechanism and a small reduction in accelerations within

the slipping mass.

4. Further insights into rooted slope seismic behaviour

In this section, the influence of the root contribution to shear strength is further investigated using the modified
sliding-block procedure, particularly to explore the aforementioned feature of the increase in yield acceleration
and reduction in slip resulting principally from a change in mechanism rather than the addition of root strength
along the fallow slip plane. Starting with the Az-depth profiles shown in Fig.9, the values of Ar were
progressively reduced at all depths by a constant factor. This could represent the use of a different species
which has a smaller strength contribution (but similar distribution with depth), or a slope with the initial strength
distribution considered herein as the vegetation dies and the roots subsequently decay. The variation of yield
acceleration with the reduction of root cohesion as determined from DLO is shown in Fig.17 (a). The
normalised root contribution is the reduction factor used to multiply the initial Az-depth profile (essentially the
percentage strength remaining if the roots were decaying); the normalised yield acceleration is Kuyrooteqy from
DLO, divided by Kpyanow), also from DLO. Fig.17 (b) shows crest settlements subsequently computed using the
Newmark procedure, where the normalised settlement is the crest settlement of the rooted case divided by the

crest settlement of the fallow case. Mechanisms for some of the key low strength cases showing transitions in

behaviour are given in Fig.18. [EicaRNBISeeR PAEIERENyield accelerationTremains IConSEREIEven henTihe
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fhormalised root contribltion Within the footed zone)! FE model simulations reported in [36] show almost

identical reinforcing effect at 100% normalised root contribution, and also suggest that the reinforcing effect can
be maintained down to 25% of the initial value of the normalised root contribution (i.e. over a wide range of Az
values) in the 2.4 m case — Fig.18 (b). However a smoother transition to no effect at zero normalised root
contribution is shown in the FE compared to the more abrupt change in the approximate DLO-Newmark

approach. For the taller slope, there is again a very close match to FE simulations at 100% normalised root

contribution. The reduction in yield acceleration as the normalised root contribution is reduced is more sudden

5% The FE simulations again show a more progressive reduction in reinforcing effect compared to the DLO-
Newmark approach. However, it is clear in both cases that (i) a substantial component of the reinforcing effect
of the roots can be maintained even if the root contribution is only half as strong, which has important

implications for vegetation management in allowing new vegetation to establish as older roots decay; and (ii)

5. Conclusions

An improved Newmark sliding-block procedure, which can include the effect of plant roots on seismic slope
performance, has been developed and validated against dynamic centrifuge data. The procedure consists of two
components. Firstly, DLO analysis is used to determine the seismic slope failure mechanism and estimate the
corresponding Yyield accelerations of a given slope in fallow and rooted cases. A rigid perfectly plastic (Mohr—
Coulomb) model with associative flow is used to model the soil, but utilises mobilised equivalent friction angles
to approximate both the non-associative behaviour of cohesionless slopes and predict small accrued
deformations when the earthquake-induced shear stresses are not sufficient to exceed peak strength, but may
result in non-linear elasto-plastic behaviour and some plastic straining. The second stage utilises these derived
yield accelerations from DLO into a modified Newmark sliding block approach to predict the permanent
settlement at the crest of the slope; this also accounts for the geometric hardening (flattening) of the slope with
continued slip making the model suitable for whole-life performance estimation. This procedure has been
validated to be highly effective in predicting permanent slip for both fallow and vegetated slopes as measured in
centrifuge tests and can be easily performed in preliminary design with lower computational effort than Finite
Element modelling. Some factors that may influence the seismic performance of root reinforced slopes were
also revealed during the development of sliding-block model. The presence of roots increase the slip plane depth
and it is this effect which is principally responsible for increasing the yield acceleration and hence reducing
deformations within the slope. This is in contrast to previous models which assume roots add additional shear
strength onto the pre-existing (fallow) shear plane. This new finding suggests that once the roots provide enough

additional shear strength to deviate the shear plane in this manner, the key controlling property of the roots will
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be the rooting depth (and possibly also spread) rather than the strength of the roots. The potential benefit of
roots appears to vary with the size of the slope. For taller slopes where the root depth is only a small proportion
of the slope height (low h,/H), roots only increase the yield acceleration of the slope against dynamic loading.
For smaller slopes with higher h,/H the proportional effect of this increase in yield acceleration appears to be
more significant, and there is some evidence that the roots also reduce the strength of the earthquake motion
within the slipping mass resulting in increased effectiveness and much reduced deformation response at the crest.
Vegetation may therefore be particularly effective in smaller slopes, offering a low cost and low carbon

alternative that could potentially replace more traditional stabilisation methods.

Appendix A

This appendix is from [16]. The primal kinematic problem formulation for the plane strain analysis of a quasi-
statically loaded, perfectly plastic cohesive-frictional body discretised using m nodal connections (slip-line

discontinuities), n nodes and a single load case can be given by

min Af d=—fld+g'p (A1)
subject to
Bd=0 (A.2)
Np-d=0 (A3)
fld=1 (A.4)
p>0 (A5)

where fyand f, are vectors containing respectively specified dead and live loads, d contains displacements
along the discontinuities, where d' :{sl,nl,sz,nz,---, nm} and s; and n, are the relative shear and normal

displacements between blocks at discontinuity i; d" :{clll,czlz,---,c I } where |, and c, are respectively the

m'm
length and cohesive shear strength of discontinuity i. B is a suitable (2nx2m) compatibility matrix , N is a

suitable (2mx=2m) flow matrix and pis a (2m) vector of plastic multipliers. The discontinuity displacement in d

and the plastic multipliers in p are the linear programing variables.

For seismic problems, pseudo-static theory may be employed [16]. The imposition of horizontal and vertical

seismic acceleration within the system results in additional work terms in the governing equation that are
analogous to that for self- weight. Here, the contribution made by discontinuity i to the fld term in Eq. (A.1)

can be written as
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fld = {0k )Wz W ]+k, W, W,z ])Lﬂ (A.6)

where k, and k, are the vertical and horizontal pseudo-static acceleration coefficients, respectively; W, is the
total weight of the strip of material laying vertically above discontinuity i; o; and ,. are the horizontal and

vertical direction cosines of the discontinuity in question.

The DLO method finds the optimal collapse mechanism for the problem studied. This is achieved through
increasing loading within the system until collapse is achieved, by applying what is termed an ‘adequacy factor’

to a given load. In the case of seismic loading, this factor is applied to the horizontal or vertical acceleration. To

apply live loading to the horizontal and vertical acceleration, the fld term in Eq. (A.1) is not modified, instead

modification is performed on the fd terms, and given by

f[idi:{kv[_wiﬂi _Wiai]+kh[_wiai Wiﬂi]){rs]i} (A7)
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All tables

Table 1. Summary of centrifuge models tested

Test identification Scale Slope Rooting type Root cluster Plant spacing, Motion frequency
number height (m) quantity out-of-plane (m) content (Hz)
TLO4 1:10 24 Fallow 0 ] 4-30
TL OS5 1:30 7.2 Fallow 0 ] 1.33-10
TL 06 1:30 7.2 1:30 scale root cluster 36 14 1.33-10
TL 07 1:10 24 1:10 scale root cluster 4 14 4-30
Table 2. Static and dynamic slope stability data
Model ID Slope type Slope height (m) Motion bro ¢ Fs (DLO)  Zgip (M) Kny (DLO)
DLO 01 Fallow 24 EQ1 34° 29.8° 1.246 0.36 0.057g
DLO 02 Fallow 24 EQ2-EQ8 38° 33.6° 1.435 0.25 0.124g
DLO 03 Fallow 24 EQ1 35° 30.7° 1.289 0.36 0.073g
DLO 04 Rooted 24 EQ1 35° 30.7° 1.399 0.20* 0.0899
DLO 05 Fallow 2.4 EQ2-EQ8 38.5° 34.0° 1.456 0.25 0.132g
DLO 06 Rooted 2.4 EQ2-EQ8 38.5° 34.0° 1.574 0.20* 0.151g
DLO 07 Fallow 7.2 EQ1 38° 33.6° 1.382 0.75 0.125¢g
DLO 08 Rooted 7.2 EQ1 38° 33.6° 1.58 1.50 0.174g
DLO 09 Fallow 7.2 EQ2-EQ8 445° 39.8° 1.724 0.50 0.238g
DLO 10 Rooted 7.2 EQ2-EQ8 445° 39.8° 1.976 1.50 0.293g

* These cases showed a local slip between root clusters (buttressing effect of roots — Fig.8)
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