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ABSTRACT

This paper focuses on the seismic performanceaynthetic-reinforced retaining walls (GRWSs)

that several evidences have shown to be generdiyguamte. This can be attributed to the
dissipation of energy produced by the internal tidasiechanisms activated during the seismic
shaking, and to an overall ductile behaviour relate the large deformation that can be

accommodated by the soil-reinforcement system.dJainumber of numerical computations, this

work compares the behaviour of three idealizedctires that were conceived in order to have a
similar seismic resistance, that however is aaidahrough different plastic mechanisms. The
analyses include numerical pseudo-static compuisticarried out iteratively to failure, and time-

domain nonlinear dynamic analyses, in which aceélan time-histories were applied to the

bottom boundary of the same numerical models ugethé pseudo-static analyses. The results of
the dynamic analyses were interpreted in the lgfhthe plastic mechanisms obtained with the
pseudo-static procedure, confirming that GRWs dgvdbcal plastic mechanisms during strong

motion resulting in a significant improvement oéithseismic performance.

Analysis of Plastic Mechanisms

Several field observations have shown a generalbdgerformance of geosynthetic-reinforced
earth retaining structures subjected to severengei®ading (e.g. Koselet al., 2009), and this
finding is consistent with observations resultimgnfi shaking table experiments on model
reinforced-earth structures (Ling et al., 2005)agtmably, this satisfactory behaviour can be
ascribed to the possibility that these structurestrdbute to energy dissipation through the
development of internal plastic mechanisms, andgg®sn overall ductile behaviour deriving
from the large deformation that can be accommodhayethe soil-reinforcement system. These
plastic mechanisms may mobilize the strength decdkht portions of the system, including the
reinforcing elements, the soil-reinforcement irdeds, the retained soil, and possibly the
foundation soil.

This paper examines the behaviour of three diftefdealized structures retaining the same
backfill and resting on the same foundation sgiedfically, the backfill is 15 m high and has a
batterp = 10° (Figure 1). Cases (A) and (B) refer to twRW@s with 25 geo-grid layers installed
at uniform spacings=0.6 m. For case (A), reinforcements have a lengt=11.25m
(B/H = 0.75) and a tensile strenglih = 25 kN/m, while for case (B) they are short®r=(7.9 m,
B/H = 0.53) but strongeiT¢ = 35 kN/m). For case (C), a conventional gravétaming structure
with a baseB = 5.6 m B/H = 0.38) is considered. Typically, traditional iatag walls such as
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masonry or lightly reinforced concrete walls, pessex strong internal strength but low
dissipative capabilities and exhibit a poor dudtéhaviour. In this study it is assumed that, for a
conventional gravity wall subjected to a severeugtbmotion, energy dissipation takes place
mostly for the development of plastic mechanism#hiwithe soil, which must be activated
before the internal strength of the structure taim¢d. Therefore, in the analyses wall (C) is
modelled as a purely elastic material to reproditselimited capability to dissipate the
earthquake-induced kinematic energy.
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Figure 1. Layouts of the three idealised earthimetg structures
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Figure 2. Detail of the finite difference grid adeg for case (A), showing the boundary
conditions adopted in the pseudo-static analyses

These three structures have been conceived to Abwet a same, relatively low, seismic
resistance, but are characterized by a decreasipgbiity of dissipating energy, progressing
from case (A) to case (C). Therefore, the scopstmicture (B) and (C), which may appear
somewhat unusual according to local guidelinescmtks of practice, is to provide a speculative
comparison to the reference structure (A).

The fill is made of coarse-grained material withaargle of shearing resistangée= 35°, while
the foundation soil is fine-grained with an angfesbearing resistanafg = 28° and an effective



cohesionc' = 10 kPa. The resistance at the soil-reinforcgrentact is purely frictional with a
friction angled's equal to that of the parent soil. A study of tiffeet of the strength at the soil-
reinforcement interface was also carried out, usingnterface strength factor of 0.7; it was
found that this reduction in the contact strengés la negligible influence on the pattern of
behaviourn;ound in the reference analyses. All tegerials are dry and have a unit weight
y =20 KN/n1.

To study the plastic mechanisms of each of the ebmentioned schemes, finite different
analyses were carried out in plane strain conditissing the computer code FLAC v.5 (ltasca,
2005). Pseudo-static analyses were performed isicig@rogressively the horizontal component
of the inertial force until the strength of the tgyn is fully mobilized and a plastic mechanism is
activated. Figure 2 shows a detail of the calcofagrid adopted for case (A): it has a total width
of about 100 m and extends 40 m below the eaithirilthe static and pseudo-static analyses,
both horizontal and vertical displacements werdragsed at the base of the grid, while the
horizontal displacements only were inhibited at tateral boundaries. Soil behaviour was
modelled as an elastic-perfectly plastic materighwa Mohr-Coulomb plasticity criterion,
assuming zero dilatancy, a Poisson ratio of 0.3asbear modulus equal to 2050 % of the
small strain shear stiffness, depending on the co@dpaverage strain level.

The reinforcing levels were modelled using FLACipstelements, which react only to axial
tension. For these elements, the constitutiveioglghip between the axial fordeand the axial
straine in the strip is assumed to be elastic-perfectlgtptawith an equal yield stragy for both
walls of cases A and B. The contact at the sod-grterface was simulated as elastic-perfectly
plastic, with a very large stiffness and a purely frictional strength witis = ¢' = 35°.

Table 1 reports the mechanical properties of tidareements which are typical of a medium-
strength PET geo-grid. The wall facade was assuméeghave as an elastic material and it was
modelled by assigning a purely elastic behaviouh&ocouple of soil zones closest to the lateral
surface of the reinforced structure.

The construction of the reinforced soil structunel @f the fill was simulated in 25 steps, after
initialising the effective stresses in the foundatisoil; each step included the activation of a
reinforcement element, the corresponding portionvall facing, and a 0.6 m-thick soil layer;
soil stiffness was then updated to account for ¢hange in effective stresses after each
construction step. The maximum horizontal displemstmcomputed at the end of the
construction phase was equal to 1.1% and to 1.0%hefwall height for case A and B
respectively, while a value of 0.5Pb was obtained for the non-dissipative wall (case C)
Subsequently, an evaluation of safety with respeet static collapse was carried out iteratively
by reducing progressively the strength parametetheosoil (e.g. Callisto, 2010) and the soil-
reinforcement contact; these analyses yielded aimilues of the strength factor for the three
structures, which was slightly lower than 1.25.

After the end of wall construction, a pseudo-stamalysis was carried out applying a uniform
horizontal body force expressed as a frackipof gravity. The value of the seismic coefficiént

was increased progressively until convergence, eemed by a steady reduction of the
unbalanced forces, became no longer possible. Utdgercircumstance, the numerical model



exhibited a well-defined mechanism, associated \aitplastic flow of the soil. The seismic
coefficientk, that activates the mechanism is termed “critieadd is indicated ak.. It must be
noted that, due to the activation of a plastic flmmhe critical conditions, the values of the
computed displacements in the pseudo-static arah@ee only a conventional meaning, as they
refer to a system that is accelerating indefinitely

Table 1. Mechanical parameters adog Table 2. Mechanical properties of the soil.

for the geo-synthetic reinforcements.
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Figure 3 shows the contours of shear strainsbtained in critical conditions for the three
structures of Figure 1, together with the corresiiog values of critical seismic coefficieks.
Although, the computed values & are quite similar, ranging from 0.060 to 0.066¢ th
deformation patterns appear to be very differemtr; €ase (A), two concurrent plastic
mechanisms develop: the prevailing one intersédwseinforcements and closes up past them,
with large strain gradients occurring at the conbstween the backfill and the reinforced zone;
the second one is entirely confined within the faiced area and seems to be not fully
developed, as smaller values of the strain contcamsbe observed near the top of the structure.

The two mechanisms converge towards the toe oftitueture, with the foundation soil being

only marginally involved. For case (B), only onepna evident plastic mechanism is observed,
that develops from the lower portion of the reicft structure, and mobilise the shear strength
in most of the backfill. In case (C), since anyemfal failure is prevented, the mechanism can



involve only shear strength mobilisation of therfidation soil and of the backfill. Therefore, for
the reference case (A), the results suggest thaae tare two concurring mechanisms. The
prevailing one mobilizes the resistance of about76f the reinforcements and can be
interpreted by a two-block scheme extending toujyger portion of the backfill. The secondary
one is fully internal and is consistent with a Eg¥al sliding surface mobilising the resistance of
all the reinforcing levels. Since the two mecharssare associated to similar strains levels, it can
be reasonably assumed that both are capable taugeod significant amount of energy
dissipation during an earthquake. On the other haade (B) shows only a single plastic
mechanism, which attains the resistance of abolft tha reinforcing layers and extends
considerably beyond the reinforced area, in acem&avith a two-block scheme. Hence, the
absence of concurring plastic mechanisms sugdestsatsmaller amount of energy dissipation
can be expected. In case (C), any plastic mechao@&smnbe developed only by mobilising the
strength of the external soil, including the batkfnd the foundation. Therefore, this idealised
structures provides no internal energy dissipataord it is deemed to show the worst
performance under seismic loadings.

Dynamic Behaviour

In order to asses whether the plastic mechanismesroéd in the pseudo-static analyses are also
representative of the deformation pattern whenstinectures are subjected to severe seismic
loading, time domain dynamic analyses were perfdros@ng the same finite difference grid of
the pseudo-static analyses. Starting from the dvmbstruction stage, the horizontal fixities at
the lateral sides of the grid were replaced by FLifge-field boundary conditions in order to
prevent waves reflection inside the domain. Dynaagalculation was carried out by applying
time-historiesa(t) of the horizontal acceleration to the bottom ketany of the grid, using a time
step dt=10°s. The scaled seismic record of Assisi (peak acaibn am.,= 0.28g, Arias
Intensity I = 0.75 m/s, significant duration of Arias integsits = 4.28 s) was employed as
seismic input. Key feature of the selected recearthat it has proved to be intense enough to
activate the plastic mechanisms found in the pres/jmseudo-static analyses.

The cyclic behaviour of the soil was described digio the hysteretic damping model
implemented in FLAC, coupled with the same Mohr-lomb plasticity criterion used in the

pseudo-static analyses. The hysteretic damping misdessentially an extension to two-
dimensions of the non-linear soil models that dbscthe unloading-reloading stress-strain
cycles using the Masing (1926) rules. The modetlireg the values of the small-strain shear
stiffness and a backbone curve. The backbone ouagecalibrated to reproduce the modulus
decay curve published by Seed & Idriss (1970) foarse-grained materials. The small-strain
shear stiffness was expressed as a function ohéan effective stregs:

G, =B+Cx(p)’ (1)

Values for the coefficients B, C, and D were s@dcto reproduce the typical small-strain
stiffness for a medium plasticity sandy-silt foretfoundation soil and a dense sand for the
backfill. Table 2 lists the values of strength atiffness parameters adopted in the analyses.

In the soil model, damping results from the hydterainloading-reloading cycle and is
proportional to the maximum strain attained. Enadpgipation also occurs when the strength is



fully mobilized into the soil and at the soil-reanfement interface. Finally, a small amount of
additional viscous damping was used to attenuagesdiil response at very small strains and to
reduce spurious high-frequency noise. This wasimddaby specifying a Rayleigh damping with
both mass and stiffness components corresponding damping ratio of 1% at a central
frequency of 1.02 Hz, which is the fundamental @reacy of the soil deposit, including the
backifill.

Figure 4. Dynamic analyses: contours of shearrstrai the end of the seismic event

Figure 4 shows the contours of the shear straingpated at the end of the seismic record for the
three schemes of Figure 1. The deformation pattd@rrcase (A) is similar to the plastic
mechanisms obtained from the pseudo-static analyaés the development of two intensely
sheared surfaces: the internal one is very closieetaritical internal log-spiral emerged from the
pseudo-static analysis, while the second surfaceomewhat lower than the corresponding
pseudo-static one, and engages a larger portitimedfoundation soil. The shear strain contours
of structure (B) show a two-block-mechanism whishanalogous to that obtained for the
pseudo-static critical condition, suggesting thia¢ seismic behaviour is controlled by the
activation of the same single plastic mechanismaiobtl from the pseudo-static analysis.
Finally, the dynamic analysis of the non-dissipatstructure (C) shows the activation of a
plastic mechanism which is totally external to thell and, again, very similar to the
corresponding pseudo-static mechanism of FigurBh#n it can be inferred that the plastic
mechanisms activated in the three different strestlby a uniform acceleration field are
sufficiently indicative of the actual seismic respe, provided that the reinforcing elements have
a plastic ductility sufficient to accommodate thefatmation of the structure. Masiet al.
(2015) showed that the dynamic behaviour of casecffanges dramatically if the analysis
accounts for a loss of tensile strength of thefoeg@ment after an ultimate strapis reached.

In this case, the reinforcements reach progregsiveir ultimate strain and an internal failure
develops, leading the structure to collapse.

A comparison of the three different mechanismsatediin Figure 4 indicates that, although the
critical seismic coefficient for the three stru@siris about the same, the importance of internal
plastic deformations decreases from case (A) t@ ¢&9; therefore, a general decay of the
seismic performance should be expected as smafleurts of kinetic energy can be dissipated



permanent horizontal displacements computed aetitkof seismic loading for the centre of
gravity G of the three structures (Figure 5). Sutee (A) exhibits a permanent displacement
u=0.43m, which is equal to 2.9% of the wall heigh Structure (B) and (C) undergo

significantly larger displacements than those caiegbdor case (A): 2.6 times for case (B), and
up to 4.5 times larger for the non-dissipative dtite (C).
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Figure 5. Time histories of permanent Figure 6. Profiles of mobilised strengtflt
horizontal displacements and of the corresponding strain ratie,

The presence of an internal plastic mechanism afferts the stress and strain distribution
among the reinforcements. For the GRWs of case(l)(B), Figure 6 shows the profiles of the
mobilised tensile strengtiVT+ of the reinforcements and of the correspondingimas axial
tensile straing, divided by the yield straigy. Both T/Tt and /e, refer to the post-seismic
condition. For case (A), the strength of 90 % @& teinforcements is reachesde(, > 1, T/Tr = 1)
due to the activation of the internal mechanisng post-seismic axial strain increases with
depth: in the lower half of the structure it istie range of 15 to 20 times the yield strajnbut

in the lowest two levels it is as large as 30 teep@Conversely, for case (B) less than 50 % of
the reinforcements reach their strength after #aghgquake even though they undergo tensile
strains significantly larger than for wall (A).

Therefore, the diffusion of plastic strains wittime reinforced soil improves significantly the

overall dissipative capacity of the system. Howewitre development of internal plastic

mechanism and, more generally, the good seismitompeance of the structure is strictly

dependent on the ductility of the reinforcementsjclw should be designed to sustain large
deformations without undergo sensible strength ¢gdn. This principle can be regarded as an
extension to GRWs of the performance based desigchwis already well established for other
structure of civil engineering.



Conclusion

Geosynthetic-reinforced retaining walls subjectethtense seismic loadings develop permanent
displacements which can be considered as the mfssitbsequent transient activations of plastic
mechanisms. Pseudo-static methods can be profitebiployed to predict such plastic
mechanisms, provided that they are used iteratiy€lgllisto, 2014). In this context, limit
analysis and limit equilibrium solutions can be awhageously extended to pseudo-static
conditions and used to analyze the activation ataoent mechanisms (Masini et al., 2015).

Pseudo-static analyses carried out using the a@risieismic coefficient that activates the plastic
mechanisms represent an effective tool to undedstae actual deformation pattern resulting
from the time-domain dynamic analyses. Using tlppraach, it was shown that the three
different structures examined in this paper argattarized by about the same critical seismic
coefficient, but exhibit very different seismic laefours. Specifically, the reference structure
(A) undergoes a composite deformation patternitictides two concurrent plastic mechanisms,
a prevailing one that can be interpreted by a tleaibscheme partially developing behind the
reinforced zone, and a secondary one which is faligrnal; conversely, it was found that the
seismic behaviour of both structures (B) and (C)camtrolled by a single, well defined
mechanism, which is partly internal for structuBg &nd totally external for structure (C).

Different pseudo-static plastic mechanisms of tired structures result in different behaviours
under dynamic loading. Specifically, the referemadl (A) shows the best seismic performance
with maximum horizontal displacements of 0.03 Hn@arsely, wall (B), which has shorter but
stronger reinforcements, undergoes larger displan&sn(0.075 H) as the development of the
internal plastic mechanism is partly inhibited aardimportant source of energy dissipation is
lost. Then, structure layouts entailing more thae onechanism should be preferred for an
effective seismic design and this can be fulfillegd preferring long reinforcements with a
relatively low strength. Finally, structure (C) carobilize only external mechanisms, without
any internal energy dissipation, even if it has shene overall seismic strength of structure (A).
As a result, it exhibits the worst seismic perfonee with permanent displacements sensibly
larger than those shown by the GRWs (0.13 H). Timsling is consistent with field
observations, indicating a generally better perforoe of reinforced earth structures if compared
to the behaviour of more conventional reinforcedearete retaining walls. However, the results
of the dynamic analyses showed that during seveiem& actions the reinforcements can
experience large elongations and thus the seisefiaviour of GRWs is critically dependent on
the ductility capacity of the reinforcing levelshd8refore, the choice of the most appropriate
reinforcement should be made principally on theidas the maximum elongation that it can
sustained without appreciable strength reduction.
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