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The paper presents a simplified displacement-based approach for the design of a
slope stabilising system. On the top of the slope, a railway ballasted track induces
repeated dynamic loads on the subgrade soil, that, in conjunction with other cyclic
environmental loads (seasonal temperature and soil moisture variation) induce a pro-
gressive accumulation of soil displacements, despite the safety factors for the slope,
if computed by means of traditional limit equilibrium methods, are all larger than
one. The design procedure started then from the analysis of preliminary (pre-operam)
monitoring data, in order to define the shape and amplitude of the soil displacement
field, by interpreting them within a viscoplastic constitutive framework. This allowed
to conveniently optimise the slope stabilising system (consisting in FRC piles con-
nected to each other by means of a precast FRC beam and reinforced by pre-stressed
ground anchors) with the aim of reducing the soil displacement rates below a
prescribed threshold. The focus of the work, rather than presenting advanced consti-
tutive or numerical simulations, is on the design approach, which allows the designer
to get a reliable and safe design solution, even in lack of rich and sophisticated site
characterisation, as it is often the case in real applications.

Keywords: slope stabilising piles; displacement-based design; viscoplastic approach;
on site monitoring; soil-structure interaction

1. Introduction

The design of slope stabilising structures is a complex problem requiring the engineer
to carefully take into account several factors, such as: (i) the geometry of the slope, (ii)
the mechanical properties of the materials constituting the slope, (iii) the type and inten-
sity of favourable and unfavourable actions, (iv) the shape and the amplitude of the
unstable soil displacement profile. This latter issue requires of course an accurate (and
sometime apparently expensive) preliminary monitoring phase of the slope, but it is one
of the most important points to be addressed when actual risk mitigation measures have
to be implemented (i.e. before the triggering of a landslide), and it represents even the
only possible way to assess the long-term effectiveness of the intervention. Moreover,
the shape and the amplitude of the soil displacement profile largely affect the stress
distribution acting on the retaining structure (see e.g. Galli & di Prisco, 2013), and it
cannot be disregarded by the designer when looking for the most accurate, safe and
cost-effective solution. Traditional capacity-based design approaches do not explicitly
take into account such complexity and they cannot completely fulfil the requirements of
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the current performance-based standards, in particular when the effectiveness of a
stabilising structure has to be assessed in terms of reduction of soil displacement rate.
On the other hand, computational approaches based on continuum mechanics (such as
those implemented in very well-known finite element or finite difference commercial
codes, where even complex 3D geometries or advanced soil constitutive relationships
are present) are often largely time consuming and computationally demanding. They
can of course be considered as a powerful verification tool, but they can hardly be con-
sidered a helpful tool for a cheap and fast design optimisation. The present paper aims
at presenting a simplified displacement-based design approach followed for a real case
study. The innovative contribution consists in the definition of a rational and physically
based design methodology for reducing the slope displacement rate, despite the lack of
extensive and rich site characterisation data (as it is rather common in real case studies
for geotechnical applications) and without invoking advanced computational tools. Mon-
itoring data of the slope have been interpreted within the framework of a viscoplastic
constitutive approach, and a simplified soil-structure interaction model based on the
well-known P—y curves method (see Section 4.3) was implemented into a user defined
worksheet, thus allowing meaningful and fast simulations to be run. A pile stabilising
system for a railway track has been conceived with the explicit aim of immediately
reducing the soil displacement rate of the slope below a threshold value. The long-term
behaviour of the system is also evaluated at the end of the assumed lifetime of the
structure (50 years), both in terms of residual displacement rate and structural internal
actions. Thanks to the high computational efficiency of the numeric tool, several instal-
lation scenarios have been easily simulated, and the optimum one have been identified
in terms of both structural and railway safety.

2. Site characterisation and preliminary monitoring

The ballasted railway track under consideration is about 360 m long, and it is a part of
a steep slope whose average inclination is close to 40° (Figure 1(a)). In the last decades,
diffuse slow soil movements were observed (Figure 1(b)), and provisional intervention
measures have already been realised by inserting steel rails vertically into the soil
(Figure 1(c)).

2.1. Geotechnical characterisation

Three slope sections (labelled as S100, S300 and S500) have been considered as the
most representative ones along the railway, and the design of the intervention measures
has been optimised for those sections. In Figure 2(a), the topographic profiles of the
three sections are reported (relative elevations Z are referred to the absolute elevation of
section S100). In the following, due to the homogeneity of the slope and of the
similarity of the profiles, only the details of section S500 are described, corresponding
with the one where largest soil displacements have been observed. The geotechnical
characterisation of the slope has been obtained by means of:

(1) SCPT profile with a DPSH hammer (weight 73 kg, height 75 cm, cone angle
60°, diameter 51 mm),

(2) continuous soil coring, up to a depth of 12.30 m below the ground level (whose
position is also plotted in Figure 2(a)),
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Figure 1. (a) View of the railway track; (b) lateral settlement of the soil; (c) provisional retaining
system.

(@) (b)

10 —S500 =---S300

——coring -

Figure 2. (a) Profiles of the three sections and trace of the coring in section S500. Continuous
soil sampling at section S500: (b) 0—5 m; (¢) 5-10 m; (d) 10-12 m.
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(3) laboratory analyses on two disturbed samples (labelled as R1 and R2 and taken
at a depth of 1.5 and 3 m, respectively).

The visual inspection of the cored material (Figure 2(b)—(d)), allowed to recognise three
different soil types:

* type R: a superficial layer of uncemented granular material, with an important
fraction of fines, between 0 and 4 m approximately;

* type D: a layer of coarse granular material, sometimes weakly cemented, between
4 and 5.40 m;

+ subgrade: a cemented material that can be assimilated to a weak rock of the
“Ceppo Lombardo” type, up to the explored depth.

The interpretation of the SCPT penetrometer test (Figure 3(a)) gave the estimation of
the soil friction angle (Figure 3(b)) and of a representative value of the Young modulus.
It confirmed the presence of a superficial layer between a depth of 1 and 4 m, charac-
terised by uniform value of the friction angle, and a second layer down to 5.40 m with
increasing value of friction angle. Below this point, a blow number larger than 50 was
obtained and the test was stopped. In Figure 3(b), dashed line and empty markers repre-
sent values judged to be not consistent with the actual soil type observed in the coring.
The grain size distribution of the two samples R1 and R2 are plotted in Figure 4, whilst
their characteristic grain size and Atterberg limits are listed in Table 1. Both of the
samples present a high uniformity coefficient, and an important fraction of fines (diame-
ter lower than .075 mm); sample R2 in particular has a dominant fraction of fines (about
60%). No further mechanical characterisation by means of either standard or advanced
laboratory tests (e.g. direct or simple shear tests, triaxial compression tests, resonant
column tests ...) was possible, since undisturbed samples could not be bored in such
kind of granular material. On the other hand, advanced sampling techniques (e.g. soil
freezing) preventing any disturbance to the sample would have required a much more
invasive and expensive intervention, which would have not been justified within the
limited budget of the project.

N 1o
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Figure 3. (a) SCPT-DPSH profile; (b) estimated values of the soil friction angle.
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Figure 4. Grain size distribution of the two samples.

Table 1. Characteristic grain size and Atterberg limits of the two samples.

R1 R2
Depth [m] 1.5 3
D1y [mm] .004 .002
Dso [mm] 884 .045
Dgo [mm] 2.740 .085
Liquid limit 33% 32%
Plastic limit 23% 23%

2.2. Preliminary monitoring

A monitoring system, consisting in one inclinometer tube and one piezometer for each
one of the representative sections of the slope, was installed along the railway track.
The length (12 m for both the inclinometer and the piezometer) was chosen in order to
reach a stable zone at the same depth of the base of the slope (Figure 2(a)). The first
“zero” reading was taken on 23 October 2009 (Figure 5(a)) and the monitoring period
lasted until 1 April 2011, corresponding to approximately 17.5 months. The soil dis-
placement profiles recorded by periodic manual readings in proximity of section S500
are shown in Figure 5(b). No localisations of the soil displacement profile are recog-
nised, but, on the contrary, a “diffuse” soil displacement pattern is rather evident in the
slope. This observation allows inferring that:

* no actual failure mechanism has been activated yet into the slope;

+ a stable but continuous accumulation of displacements has been observed and,
thanks to the high ductility of the material, the same trend will be in principle
expected in the next future;

» despite the presence of a weak rock as the Ceppo Lombardo, residual slope
displacements are observed for a depth larger than 5.40 m.

This last consideration, in particular, suggests the possibility that the Ceppo is relatively
highly fractured, and its behaviour is actually more similar to that of the upper layer of
D type granular material. Temperature and daily rainfall values recorded by a public
weather station near the site are plotted in Figure 5(c) and (d), respectively. Temperature
record shows a seasonal excursion between —5 and +30 °C. Rainfall data do not show
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Figure 5. (a) Reading of the inclinometer; (b) evolution of soil displacement profile along depth;
(c—d) temperature and rainfall data at the site; (e) displacement histories at five different depths.

any significant seasonal variation, but they are characterised by a quite uniform daily
average rainfall of about 4.28 mm/day until June 2010. After that date, a bit higher daily
average value of 6.82 mm/day is observed. Despite the remarkable cumulated rainfall
height, the manual periodical piezometric readings didn’t show any significant presence
of water table into the slope (and they are not reported here for the sake of brevity),
thus proving that, even in case of heavy rainfall events, groundwater is drained in a
rather short time. The slope, from a hydraulic point of view, can then be considered par-
tially saturated for the most part of the year.

Finally, the histories of displacement extracted from the inclinometer records at five
different depths (2, 4, 6, 8 and 10 m) below the track level are reported in Figure 5(e).
They clearly show different activation and quiescence phases, corresponding with the
autumn—winter period and with the summer, respectively.

3. Slope stability analyses

Some preliminary slope stability analyses were performed by adopting the well-known
Janbu limit equilibrium method of slices (Janbu, 1954). The site was modelled as a lay-
ered slope composed of three main materials: a superficial layer of type R, an intermedi-
ate layer of type D and a subgrade layer of Ceppo. According with inclinometer data
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(Figure 5(b)), that demonstrated non-negligible soil displacement even at a relatively
large depth without any sharp discontinuity, the Ceppo cannot be considered as a rigid
bedrock. For the sake of safety, it was then characterised by using the same mechanical
properties of material D, as commented in the previous paragraph. Consequently, rather
than considering simple sliding mechanisms of layers R and D along the interface with
the Ceppo, more general circular failure surfaces were assumed, allowing them even to
intersect the underlying Ceppo layer. The presence of the railway embankment was
modelled by introducing an additional zone of granular material reproducing the ballast
(Figure 6(a)). The mechanical properties of the material R and D are listed in Table 2 as
derived from the SCPT test interpretation, whilst the properties of the ballast were
arbitrarily chosen in order to reproduce a cohesionless material with a relatively high
friction angle (y=18 kN/m>, ¢’ =40°). Due to the dominant presence of fines in the
slope, a representative value of the undrained shear strength Cy, for the entire slope was
estimated as

Cu =0.22 - OCR", (1)

al,
inspired by the works of Skempton (1954, 1957) and Vardanega and Bolton (2011),
with parameter m = .8. Because of the repeated loads given by train transit, the material
can be considered as slightly overconsolidated (a value OCR = 1.5 has been consid-
ered); as a consequence, at a depth of about 4 m (corresponding with a7, = 72 kPa) the
expected value of the undrained strength computed by means of Equation (1) is approxi-
mately 23 kPa (Table 2). According with the monitoring data derived from the piezome-
ters, no water table was introduced in the model; nevertheless, owing to the relatively
high frequency of rainfall events, for the most part of the year the slope can be consid-
ered in a condition of partial saturation. From a mechanical point of view, this induces
an apparent strengthening effect, that was modelled by assigning a small value of the
cohesion to materials R and D. The chosen value (3 kPa) represents a lower boundary
value for partially saturated materials (Baker & Frydman, 2009), and it was assigned
with the aim of modelling in a simplified way even the strengthening effect offered at
shallow depths by the vegetation. From a computational point of view, this choice will
even prevent the formation of unrealistic very shallow sliding mechanisms. The
presence of the trains was simply modelled as equivalent static loads V; = 7, = 100 and
H, = H, =5 kN/m, acting in vertical and horizontal direction, respectively, according to
the guidelines of Reti Ferroviarie Italiane (1995).

The above-mentioned assumptions (in particular the last one referring to the mod-
elling of the trainload) represent of course a set of very heavy simplifying hypotheses.
The cyclic saturation—desaturation of the soil due to repeated rainfall events and the
consequent infiltration process would in fact induce a complex hysteretic evolution of
soil strength parameters in partially saturated condition. The train transit, moreover,
results in an important dynamic load on the slope, inducing complex dynamic soil—
ballast—railway interaction and 3D consolidation process to take place. All these
phenomena are however characterised by a much higher frequency with respect to the
frequency of manual inclinometer readings, and their effects cannot then be directly
quantified by the monitoring data. The spirit of the paper, moreover, is not to present
the most accurate academic exercise of numerical modelling, based on the most
advanced numerical tools (which would never be of practical interest and applicability
for the field engineer), but to build a simple and useful design approach, always leading
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Figure 6. (a) Geotechnical model of the slope (section S500); (b) representative failure
mechanisms in the slope; (¢) phenomenological description of the displacement accumulation in
the slope due to the repeated dynamic loads associated to the train transit.
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Table 2. Geotechnical characterisation of the materials.

R D
Saturated unit weight [kN/m?] 19 19
Friction angle [°] 28 35
Cohesion [kPa] 3 3
Undrained shear strength [kPa] 23 -
Young modulus [MPa] 5 10

Table 3. Results of the limit equilibrium slope stability analyses.

It Fy Fip
Drained analysis, without external loads 1.15 1.28 1.66
Drained analysis, in presence of the trains 1.15 1.18 1.47
Undrained analysis, in presence of the trains 1.19 1.01 1.20

to a safe result. In this perspective, the above-mentioned assumptions allow to derive a
simplified and reality-consistent framework, without the need for the final designer of
invoking advanced and non-conventional computational tools.

Three different conditions were considered in the analyses to be representative:

* drained analysis, without external loads (i.e. the trains),
* drained analysis, in presence of external loads,
* undrained analysis, in presence of external loads.

For each case, three families of failure mechanisms were identified, as it is sketched in
Figure 6(b):

* type Fy: failure of the slope not directly involving the railway tracks,
* type Fyy: failure of the slope involving only one of the tracks,
* type Fyy: failure of the slope involving both the railway tracks.

The results of the analyses are summarised in Table 3 in terms of global safety factors.
Mechanisms of type F; are the most critical, due to the high steepness of the slope, but
they are not affected by the presence of the trains. Mechanisms of types Fy; and Fyy are
on the contrary largely affected by the external loads, and their factor of safety is signif-
icantly reduced when introducing the loads given by the trains. Nevertheless, the appli-
cation of loads in drained conditions does not induce the activation of a failure
mechanism, since all the values of the factors of safety are significantly larger than one.
As a consequence, these mechanisms would hardly be triggered by the train transit,
which is a significantly less critical condition with respect to the assumed static loading
scheme, and, on the basis of such limit equilibrium analyses only, no retaining structure
at all would be judged to be necessary.

By considering the rapidity of the train transit, however, it would be more appropri-
ate to assume an undrained analysis when modelling their effects on the slope. This
assumption completely changes the results: all the mechanisms reduce their factor of
safety and, in particular, mechanisms of type Fj; reach a “quasi” failure condition, with
a factor of safety very close to one. Due to the inertia of the soil mass, however, a fully
localised failure mechanism cannot be activated in the short period corresponding with
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the transit of one train, and the slope slowly dissipate the excess pore water pressure,
coming back to a stable drained condition, in absence of external loads.

The repeated transit of the trains can hence be assimilated to an impulsive loading
perturbation of amplitude O and period T (Figure 6(c)), inducing at each cycle the gen-
eration of an excess pore water pressure u,, with an immediate reduction of the safety
factor Fi. The dissipation of the pressure u, over the consolidation time interval T cor-
responds with the progressive increase in the global safety factor back to the initial (sta-
tic) value Fg, computed in drained conditions without the presence of the train. This
continuous variation between unloaded drained (stable) and loaded undrained (“quasi”
failed) conditions, however, although not triggering a localised failure mechanism,
induces the accumulation of small irrecoverable soil settlements U at each cycle. The
time evolution of the total slope settlement is then represented by a complex function,
with sudden activation and delayed slowdown phases; its precise description is however
beyond both the purposes of this work and the practical interest of the field engineer.
Moreover, the manual readings of the inclinometer data give only a time discrete esti-
mation of this function, linearly increasing with time (as a first approximation) if the
period 7T of the perturbations remains constant, i.e. if the frequency of the trains (and
any other possible seasonal environmental condition) does not change. Such phe-
nomenological explanation can be interpreted at the global macroscale of the entire
slope as a “macro” creep problem, with progressive accumulation of permanent soil dis-
placement at constant average value of the loads, and governed by a global viscosity
parameter summarising all the time-dependent effects. This interpretation can in princi-
ple be extended to all the mechanisms of type Fy;, independently of their radius, thus
justifying the accumulation of a continuous soil displacements profile along the depth
without any sharp discontinuity (as observed in Figure 5(a)).

4. Viscoplastic displacement-based design approach

The limit equilibrium analyses presented in the previous paragraph clearly proved that the
intervention measure must be designed with the primarily aim to reduce the soil displace-
ment rate, rather than to prevent the sudden activation of a global failure mechanism. Con-
sequently, for this case study, it doesn’t make sense to apply traditional force-based design
approaches referred to Ultimate Limit State conditions and looking for a prescribed
increase of the global safety of the slope, as it is usually done in slope stability analyses. A
correct design methodology should rather refer to displacement-based design approaches,
with respect to Serviceability Limit States. Limit equilibrium methods, based on rigid-per-
fectly plastic constitutive rules, obviously do not allow the designer to estimate the dis-
placement of the system, i.e. to quantify the performance of this intervention measure on
rational and objective criteria, neither immediately after the installation, nor along the
whole life of the structure. This issue is even more important in presence of the railway
track that requires very severe limitations on the allowable displacements in order to main-
tain the correct serviceability conditions. The simplest way to cope with such needs is to
study the whole motion equation of the unstable soil mass, as suggested in Galli and di
Prisco (2013), by adopting a rigid-viscoplastic constitutive framework.

4.1. Conceptual framework

In order to reproduce a continuous soil displacement profile as the one of Figure 5(b),
the slope can be modelled as an infinite number of Fy type failure surfaces with the
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same centre C and variable radius r, rotating of an angle w around point C. For a
generic failure surface, the viscoplastic motion equation then can be written (disregard-
ing the soil mass inertia, since very slow soil displacement rates are here considered) by
imposing the equilibrium of moments:

Mi(r) = My(r) = n- @ -1 2)

where My(r) represents the driving action due to the self-weight W of the soil mass and
of the external loads, M,(r) represents the limit shear resistance along the failure surface
and the term on the right-hand side represents the viscous resistance there mobilised,
proportional to the angular velocity of the soil mass. In Equation (2), only positive val-
ues of the angular velocity will of course be considered. This latter term is governed by
a “global” viscosity parameter # summarising all the time-dependent effects, including
train transit, seasonal climate changes and soil moisture variations. Following the phe-
nomenological interpretation proposed in Section 3, parameter # can be calibrated by
interpolating the preliminary inclinometer data, and solving Equation (2) before the
installation of the retaining structure for any admissible radius r (Figure 7(a)), thus
reproducing the observed soil displacement profile. The obtained value of # can be con-
sidered representative of the system, unless significant changes in the frequency of the
train transit or of seasonal weather conditions take place.
Two main simplifying hypotheses have then been introduced:

(i) the value of parameter # does not change in presence of the structure and
(i1) the soil displacement rate after the installation of the structure is constant.

Under the first hypothesis, Equation (2) can be solved again by introducing the stabilis-
ing action 4 given by the retaining structure (Figure 7(b)), and computing the new soil
displacement rate. The term A is in general split into an active component 4, (due e.g.
to a pretensioning action) independent of the soil displacement field, and in a passive
component Ap depending on the relative displacement between the soil and the struc-
ture. Consequently, the action 4 can only be evaluated by solving at each time step a
soil-structure interaction problem, in order to explicitly compute the time evolution of
the system. For the sake of simplicity, however, it will be assumed in the following that
the dominant component of 4 is the pretensioning action 4y, inducing an important
immediate reduction of the soil displacement rate of the slope. As an engineering
approximation and according to hypothesis (ii), this new soil displacement rate will be
considered constant after the installation of the structure, and the long-term expected
amplitude of the soil displacement profile will then be computed accordingly. The effec-
tiveness of the retaining structure can then be evaluated directly on this quantity, thus
giving a rational and objective criterion for the estimation of the performance of the sta-
bilising system directly based on the main parameter of interest for the slope, i.e. its dis-
placement amplitude. Finally, once the long-term soil displacement profile is known, the
corresponding displacements of the structure and its internal state of stress can be evalu-
ated, in order to check both SLS and ULS conditions.

As a brief comment of the two main hypotheses (i) and (ii), it is worth noting that
the presence of the structure will certainly modify the global viscous parameter # of the
system, and a precise forecast of this effect is almost impossible. The retaining structure
will in fact induce significant local modifications to the soil displacement field close to
piles (the so-called “near field”) with respect to the initial condition of unreinforced
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Figure 7. Equilibrium of the soil mass (a) without the retaining structure and (b) in presence of
the retaining structure.

slope. Important 3D effects will be then mobilised, finally resulting in an increase in
parameter 7. Moreover, thanks to the high ductility of the materials constituting the
slope, the term Ap tends to increase with increasing soil displacement amplitude, and
the actual soil displacement rate is progressively reduced during the whole lifetime of
the structure. Hypotheses (i) and (ii) are then both conservative, since they lead in prin-
ciple to an overestimation of the long-term soil displacement.

Finally, from a mechanical point of view, the conceptual framework briefly outlined
here above combines together two different characteristic times. The visco-plastic stabil-
ity analysis of the slope, in fact, is run under the assumption of an undrained mechani-
cal response of the system (i.e. short term), since the cyclic loads given by the train
transit can be considered rapid with respect to the characteristic consolidation time 7" of
the slope. The soil-structure interaction force A, on the contrary, is evaluated by means
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of an effective stress analysis (i.e. long term, see Section 4.3), since it depends on the
permanent soil displacements accumulated into the slope.

4.2. Calibration of global viscosity parameter n

The calibration of parameter # was obtained by considering the data derived from the
inclinometer records during the first year of monitoring activity (23 October 2009-12
November 2010), corresponding with one complete cycle of activation and quiescence
phases (Figure 5(e)). The terms on the left-hand side of Equation (2) have been
explicitly computed as

A/[,(r): W(I’)-bw(r)+V| - by +V2-b2—|—(H1 —|—H2)h 3)
whilst

M,(r) = /F Cy-1* - dow 4)

where Cy is in general variable along the failure surface depending on the depth below
the ground level according to Equation (1). A value of the undrained strength linearly
increasing from zero to approximately 90 kPa at a depth of 15 m has then been consid-
ered, consistently with the value of Cy listed in Table 3. The back analysis on the moni-
toring data allowed to estimate a value of the global viscosity parameter #. Although a
different value of # should in principle be calibrated for each value of the radius » (thus
allowing to exactly reproduce the displacement rate profile), for the sake of simplicity a
constant average value of 7=8 x 10'' kPa s was estimated independently of r, since the
obtained displacement rate profile satisfactorily reproduces the monitored data (Figure 8).

4.3. Modelling the soil-pile interaction

For the specific problem under consideration (Figure 9(a)) piles are installed vertically,
and, except for their own weight, the dominant component of the active loads is the
horizontal one. For the sake of simplicity, it has then been assumed that both the ground
anchors and the soil displacement direction lie in the horizontal plane, i.e. normally to
pile axis. Several works in Literature describe the behaviour of piles subject to lateral
loads (Broms, 1964; Fan & Long, 2005; Georgiadis & Butterfield, 1982; Ito & Matsui,
1975; Matlock & Reese, 1960; Reese, Cox, & Koch, 1974; Reese, Isenhower, & Wang,
2006; Reese & Welch, 1975; Viggiani, 1981), especially by employing a simplified
approach based on P—y curves. These latter describe the interaction force on each single
slice of the pile as a function of its lateral deflection, i.e. the difference between the hor-
izontal pile displacement, u, and that of the surrounding soil, U. The pile is then discre-
tised as an array of beam finite elements connected to the soil by means of uncoupled
springs (Figure 9(b)), and a known soil displacement profile is imposed at the base of
the springs (corresponding with the “far field” soil displacement profile). Among several
possible approaches modelling the P—y curves at different depths as complex non-linear
functions (Figure 9(c)), in the following a simplified elastic perfectly plastic model has
been employed. In particular, the horizontal stiffness k; of the springs have been
calibrated by assimilating each slice of the pile to a buried shallow foundation, subject
to horizontal load (Gazetas, 1991)
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Figure 8. Comparison between the soil displacement rate derived from monitoring data and from
the calibration of the viscoplastic model for the slope.
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Figure 9. (a) Schematic view of a stabilising pile interacting with an unstable soil mass; (b)
modelling the soil-pile interaction by means of uncoupled non-linear springs; (c) example of

non-linear P—y curves.
4G [z 1

where G and v are the elastic shear modulus and the Poisson coefficient estimated for
the soil, respectively; z and D are the depth of the considered slice of the pile below
ground surface and the pile diameter. The interaction between piles has been accounted
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in a simplified manner: the limit value of the horizontal loads (corresponding with the
yielding of the non-linear soil-pile interaction springs) is evaluated as a weighted
average between the limit load of an isolated pile and the limit load of a continuous
bulkhead. The first one is computed according with the procedure proposed by Audibert
and Nyman (1977)

Hp pite

ﬁ=v-z-Nq(2/D,¢/) (6)
where y is the unit weight of the soil, L, is the length of the slice and N, is a horizontal
bearing capacity factor (Figure 10(a)), depending on the soil friction angle ¢’ and on
the relative depth z/D of the considered slice. The second one is

Hi puikhead ,
#:V'Z'(KP_KA)+2C (VKp — VKy) (7)
S
where ¢’ is the cohesion of the soil, and Kp and K, are its passive and active earth pres-
sure coefficients. As a consequence, the horizontal limit load of each non-linear spring
is computed as

Hy, = o - Hi puikhead + (1 — o) - Hp pite ®)

The weight a depends on the ratio between the pile spacing, S, and its diameter D. A
simple linear decreasing trend from one to zero has been assumed, for S/D values rang-
ing between 1 and 4 (Figure 10(b)), inspired to the efficiency coefficient for pile groups
proposed by Reese and Van Impe (2001). The choice of the optimum spacing can then
be obtained by maximising the values of H; with respect to S.

By imposing the equilibrium between the loads acting on the pile and the soil reac-
tions given by the P—y curves, it is possible to compute the deformed shape of the pile
and its internal state of stress for a given soil displacement profile. Given the non-linear-
ity of the problem, an explicit finite difference numerical solution has been implemented
in a Matlab code, and the problem was step-wise solved by employing at each step a
tangential stiffness matrix of the system, obtained by combining the pile stiffness matrix
(assumed to be elastic, for the sake of simplicity) with a global soil stiffness matrix. In
this framework, the presence of the ground anchor can be modelled as an additional
spring, whose mechanical behaviour is assumed to be linear and elastic. Further details
can be found in Galli, Cocchetti, and di Prisco (2011), and Galli and di Prisco (2013).

5. Structural design

The chosen slope stabilising system consists in fibre reinforced concrete (FRC) piles
connected to each other at the top by means of a FRC precast beam, in which pre-
stressed ground anchors will be installed (Figure 11(a)). This type of structure allows to
significantly reduce the cost and time of the intervention with respect to traditional
retaining systems (e.g. continuous cast in place walls, or deep bulkhead), to actively
sustain the slope (thus immediately reducing the soil displacement rate), to control the
railway displacement during the installation phases, to actively support even deep soil
layers (thus reducing the required length of the piles). The structural design optimisation
has been iteratively achieved by:
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Figure 10. (a) horizontal bearing capacity factor (after Audibert & Nyman, 1977); (b) definition
of the weight function a.

(1) choosing a pile typology,

(i1) choosing the geometry of the intervention (position and spacing of piles),

(iii) choosing the active tensile force (pre-stressing) on the ground anchor,

(iv) evaluating the immediate soil structure interaction forces (term A),

(v) checking the pile and anchor safety,

(vi) evaluating new soil displacement rate profile,

(vii) evaluating the expected long-term soil displacement, i.e. at the end of the life-
time of the structure,

(viii) computing the corresponding long-term pile—soil interaction forces (4p),

(ix) evaluating the long-term tensile action in the ground anchor,
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(b)

Figure 11. (a) Schematic view of the slope stabilising piles reinforced with a pre-stressed ground
anchor; (b) precast FRC beam.

(x) checking the long-term pile safety,
(xi) evaluating the residual long-term expected soil displacement rate profile.

The steps (i)—(ix) have been repeated until all the checks were satisfied and the residual
soil displacement rate has been considered sufficiently low. During the design phase, a
hierarchy of the resistance was defined with the aim of increasing the robustness of the
structure. For this motivation, the expected sequence of failure modes is (1) anchorage
slipping, (2) flexural failure of pile and (3) shear failure of the pile.

5.1. Description of the structure

The structure has been conceived as a modular retaining intervention measure, com-
posed by 78 precast FRC beams whose dimensions are .75 x .70 x 2.58 m. The total
length of the intervention is 366 m. Each beam connects four drilled and cast in place
piles (Figure 11(b)) and it is even designed in order to host up to three sub horizontal
anchors, although only one permanent anchor per beam will be installed (the installation
procedure will follow the prescriptions of the standard EN 1537-2002). Each anchor is
composed of .6” harmonic steel strands (EN 10138), and it will have a total length of
about 21 m, including 12 m of deep anchoring bulb.

The piles will have an external diameter D of 300 mm and a total length L of
5.75 m (including the part within the FRC beam). They will be installed with a spacing
S of 600 mm (a spacing to diameter ratio lower than 4 is generally recommended to
ensure the formation of a relevant arching effect; see e.g. Kourkoulis, Gelagoti, Anasta-
sopoulos, & Gazetas, 2011). Fibre Reinforced Concrete, together with conventional lon-
gitudinal steel reinforcement rods have been employed to guarantee a quasi-ductile
behaviour of the pile section in terms of bending response (in Figure 12 the expected
mechanical response computed according to the Model Code 2010 is shown; a limit
value for the pile bending moment of 150 kNm has been assumed). The main contribu-
tion of fibre addition will be the increase of shear strength, the control of crack opening
and an important contribution against fatigue loads. The dimensions of the pile and the
mechanical properties of the materials have been optimised by following the aforemen-
tioned steps (1)—(ix).

Particular attention has been devoted to develop an innovative installation technique,
capable of limiting the settlement of the railway during the excavation and cast in place
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Figure 12. Moment-curvature behaviour of pile section in pure bending according.

phases; the particular choice of precast elements allows even to speed up the installation
phases, without the need of stopping the regular daily transit of the trains. A detailed
description of the installation technique, as well as further details on structural design
are beyond the scope of the present paper, and they have already been discussed in
Galli, Bassani, di Prisco, and di Prisco (2014).

6. Immediate and long-term expected response of the system

The goal of the intervention is to reduce the horizontal soil displacement rate below a
limit of .5 mm/year, value that can be considered negligible for management purposes.
Pre-stressing of the ground anchors, however, could induce even significant immediate
uplift of the railway track; in order to prevent such risk, a combined active—passive
strategy for the structural behaviour has been adopted. The assigned value of the pre-
stressing tensile force (active behaviour) has been chosen in order to get an immediate
significant reduction of the soil displacement rate, without inducing excessive uplift of
the railway, or large values of pile bending moments. Then, owing to the residual soil
displacements rate, the structure will behave as a passive retaining system during its life,
by progressively increasing the soil-pile interaction loads and correspondingly reducing
the residual soil displacement rate. The balance between the active and passive beha-
viour must be optimised depending on the expected performance of the intervention
measure. Several installation scenarios have been simulated by considering four different
levels of pre-stressing load in the ground anchors, corresponding to 25, 50, 75 and
100% of the maximum design load of 150 kN/m (expressed here per unit length of the
intervention), chosen as a limit value to prevent cracking in the FRC beams and into
the piles. For each scenario, the analyses of the system have been run according to the
visco-plastic model previously described and the results have been plotted in Figure 13
in terms of

(a) residual soil displacement rates (positive values represent downward velocities),
(b) loads distribution and

(c) bending moment on piles,

(d) profile of pile displacements (positive values represent uphill displacements),

both for the immediate and long term response of the system, by assuming a target life-
time of 50 years. As expected, the increase in the prestressing value induces larger and
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Comparison between immediate and long-term response of the system for different
levels of the pretensioning force in the ground anchors: (a) soil displacement rates, (b) distribution
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Table 4. Fifty years long-term response of the system for the different scenarios.

Prestressing value 25% 50% 75% 100%
Average soil displacement [mm] 104 67 40 20
Tensile force in anchors [kN/m] 193.3 171 161.6 169.2

larger immediate reduction of the soil displacement rate profile, but, as a consequence,
increasing values of the pile bending moment (which, however, do not reach the limit
value of 150 kNm for the pile section) and of the upward pile displacements (up to
6 cm). This latter point can be particularly detrimental for the serviceability of the rail-
way, since a slight modification in the layout (especially in case of uplift of the rails)
may induce significant reduction of the speed limit for the trains. The analysis of the
immediate response of the system would then suggest adopting an installation scenario
with a limited value of the prestressing force imposed to the anchors (i.e. 25% of the
design value).

On the other hand, according to the long-term response (50 years), all the scenarios
show acceptable final values of soil displacement rate (all the curves are below the
required limit of .5 mm/year), with a minimum value corresponding with the scenario
with an initial prestressing action equal to the 25% of the design load. According to the
data listed in Table 4, however, this scenario corresponds with the maximum values of
both the long-term average soil displacement (larger than 100 mm) and the tensile
action in the ground anchors. Consequently, this scenario cannot be considered accept-
able for the 50 years safety and effectiveness of the intervention measure.

By summarising all the considerations reported here above, among the four tested
scenarios, the optimum one appears to be that corresponding with an initial prestressing
load in the ground anchor equal to 75% of the design load. This scenario in fact

(i) minimises the long-term tensile action in the ground anchors,

(i) does not allow excessive soil and pile displacements to develop (neither imme-
diately after the installation, nor at the end of the lifetime of the structure), and

(iii) does not induce long-term bending moments in the pile significantly larger than
those induced by the other scenarios.

6.1. Additional remarks

As it was previously cited, the long-term results discussed here above could be signifi-
cantly overestimated with respect to the real ones. The two main reasons depend on the
two simplifying hypotheses introduced in Section 4.1. The global viscous parameter # is
in fact kept constant after the installation and equal to that previously calibrated on the
preliminary monitoring data, whilst the presence of the structure is actually expected to
induce an increase of the global viscosity of the system. On the other hand, the soil dis-
placement rates after the installation are considered constant during the whole lifetime
of the structure, whilst they actually tend to reduce thanks to the passive behaviour of
the system. The validity of the two cited assumptions will be verified only upon the
interpretation of the monitoring data along a convenient time window after the installa-
tion, but they will ensure to get safe estimation of the long-term design control
variables. Nevertheless, the presented approach is of general validity, and, owing to its
high computational efficiency, the results can be easily improved. By back analysing the
monitoring data for a significant time window (e.g. at least one year) after the
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installation of the structure, in fact, a “new” value of the global viscosity parameter can
be calibrated, thus empirically including the effect of the structure. Such considerations
allow to stress even the importance of the monitoring system not only in the preliminary
design phase, but even for optimising the long-term management of the structure, and
for the verification of the design hypotheses.

Moreover, from a computational point of view, the long-term behaviour (i.e.
50 years, in the present case) can be studied by splitting the entire lifetime of the struc-
ture in several steps. By solving the viscoplastic problem and the soil-pile interaction
problem for each step, it is possible to update the values of the soil-pile interaction
forces and of the soil displacement rates at the end of each steps, thus refining the
numerical results up the desired precision.

From a design point of view, finally, it is worth noting that the presented combined
active-passive design approach, based on a viscoplastic description of the slope stability,
allowed to optimise the length of the piles (about 5 m) with respect to the whole thick-
ness of the soil moving mass (approximately 12 m see Figure 5(b)). At large depth, in
fact, very small soil displacements are observed (Figure 5(b)) and, consequently, negli-
gible values of the soil-pile interaction forces would be mobilised, with almost nil effect
on the stabilisation of the slope. Despite the reduced length, the pile is efficient in
reducing the soil displacement rate even for deep sol strata, as is evident in Figure 13(a),
thus saving a large part of the cost of the intervention.

7. Conclusions

An innovative displacement-based procedure for the design of slope stabilising piles
have been illustrated with reference to a real case study of a railway embankment on a
steep slope. A key point is the correct interpretation of field monitoring data, allowing
to define the actual soil displacement rate profile into the slope. A simplified viscoplas-
tic analysis of the slope, combined with an ad hoc soil-pile interaction model, allowed
to conveniently optimise the design of the intervention measure in terms of position,
length and diameter of the piles, as well as in terms of the prestressing tensile load
assigned to the ground anchors, without making use of complex 3D dynamic soil-struc-
ture numerical analyses.

The viscoplastic numerical scheme allowed even to foresee (although in a simplified
way) the long-term behaviour of the structure, and thus to optimize the design and the
installation procedure both with respect to immediate and long time performance of the
intervention measure.

As it was highlighted into the text, the proposed results (especially in terms of long-
term soil displacement) can be significantly overestimated. If, on one hand, they thus rep-
resent a safe side estimation of the long-term performance of the structure, on the other
hand they can be remarkably improved during the lifetime of the structure by continuously
updating the monitoring data and by running new viscoplastic analyses. This point also
stresses the fundamental role of the monitoring system not only for the interpretation of
the phenomenon and for the optimum design of the structure, but even for the long-term
managing of the stabilising system and the definition of possible corrective strategies.
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