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SUMMARY:

The use of geosynthetic reinforced structures iisnse areas is becoming very widespread, beingethes
structures able to store large deformations witlvolinpsing. This research refers the results ofesaumerical
modelling of steep geosynthetic reinforced embamkmsubjected to different earthquakes. Dependimghe
degree of internal and external fixity steep reioéanl embankments may have two types of failuresirtternal
failure and the external failure. The aptitude lt# teinforced earth to slide was verified with theplacement
method outlined by Newmark and founded on the dyoa@auilibrium of a sliding block provided of a omb
friction. Only the direct sliding mechanism was éstigated by considering the critical acceleratioat was
evaluated with limit equilibrium and limit analysBy comparing the FEM seismic results with theyakestatic
previsions, a reduction factor of the peak grouoceeration of the design earthquake was outliméth the
purpose of introducing the ductile behaviour of streicture within the pseudo-static approach.

Keywords: FEM seismic design, steep geosynthédtiforeed earth, Newmark sliding block.

1. INTRODUCTION

The seismic design of structures, based on th@eard performance, is becoming very wide-spread
in civil engineering, as it is reasonable to accdifterent levels of damage in relation to the
importance of the structure and to the return jpesiothe design earthquake. Damage may be ascribed
to an ultimate limit state in general related to a loss of equilibrium o€ thtructure, or to a
serviceability limit statethat concerns the loss of functionality causeagessive displacements. In
the general landscape of technical rules, thisagmbr is still little codified for composite and ratk
works, such as reinforced earth with geosynthelit® problem is not easy because in earth work
several failure mechanisms may activate in relatothe geometry and the strength parameters. As a
consequence, serviceability and ultimate limit gea$ are carried out with very different procedures
without regards for the priority and the significarof a given limit state.

The aim of this research is that of highlighting #malysis reliability for ultimate and servicedpil
limit states in steep geosynthetic reinforced estrirctures.

Generally speaking, the seismic design of earthcstres can be carried out according to three
different approaches, gradually increasing in caxipy, and with purposes quite different to each
other.

The most common approach is the pseudo-static @k8B84; Mononobe & Matsuo 1929), in which
dynamic effects are introduced in terms of adddlastatic forces acting on some parts of the atract
supposed rigid and, at the same time, in a plagtdibrium. Although this method is highly praetic

it does not consider some important aspects indghamic response of continuum, such as: soll
deformability and damping, the time history of gesmic event, soil non-linearity before failuredan
the soil displacements during plastic equilibriufar these reasons, the pseudo-static approach is
generally employed in the evaluation of the ultienbitnit equilibrium once the failure mechanism is
already identified.

Following the displacement method (Newmark 196%hRids & Elms 1979, Whitman & Liao 1984,



Maugeri & Rigano 2011), the structure is studiecageneralized Newmark sliding block. When the
earthquake begins, the mechanism will only actiiate acceleration greater than the threshold
acceleration (also called critical accelerationhefeafter, displacements can occur only for every
overcoming of the critical acceleration. The displ@ment method implies that a discontinuous
mechanism is already developed inside the strucndetherefore only rigid displacements may be
evaluated. This approach is often preferred foipihst-seismic serviceability limit state verificati

The complete dynamic approach can be carried oulubyerical modelling (Carrubba & Brusarosco
2007, 2008), to properly describe the state oSstesd strain at every point of the structure. Wtk
approach, both the time-history of the seismic eagd soil non-linearity can be taken into account.
The complete behaviour of the structure, at eastaim of the seismic history, is known, thus allayvi
any form of interaction to be analyzed. Howevetthis case, it is necessary to select with casegel
number of mechanical parameters, both static andardic, and to have some experience in the
management of both the mesh-depending effects lenddundary effects during dynamic loading.
When large displacements are expected, numerreatgies are necessary, such as the introduction of
interfaces along the most probable sliding surfaces

Despite their different capabilities, all the afemisl methods are routinely used without a proper
distinction about the levels of accuracy in foréoas

In order to study the seismic performance of stgepsynthetic reinforced embankments without
facing, all the previous three approaches were.Usedr historical design earthquakes were used in
the Newmark analysis with the aim of analyzing théuced post-seismic displacements. For this
purpose, only the direct sliding mechanism, upoa lbwer reinforcement, was investigated by
introducing the concept of critical acceleratione fatter was evaluated by means of both the limit
equilibrium and the limit analysis.

Thereafter, FEM analyses were carried out withéime of quantifying the reduction factors of the
peak ground acceleration of the design earthqualad, (2005; NTC, 2008; EUROCODE 8, 2005).
These reduction factors (Carrubba & Brusarosco120012), coming from the comparison between
FEM and pseudo-static analyses, took into accdwnglobal ductile performance of the structure and
should be used in the pseudo-static approach éovehfication of the ultimate limit state.

2. THE DISPLACEMENT APPROACH

During earthquake, the ground acceleration may ssxdbe value corresponding to the limit
equilibrium of the reinforced earth with respectéaogiven failure mode. Even if this excess of
acceleration happens only for very short time, &ymepeat many times and would be capable of
inducing cumulated displacements of some parth@fetarth work. This unfavourable circumstance
may be reviewed as design criteria: instead ohgtheening the structure to resist to the maximum
design acceleration, permanent displacements mayldeed in order to built a more ductile
structure. Therefore, the method may be used fwérification of the serviceability limit state &
post-seismic condition. The displacement approadiounded on the sliding block concept outlined
by Newmark (1965). When applying this method, stionbt be forgotten that the structure is
supposed to be a set of rigid blocks separateytmplastic sliding surfaces.

Calling a.; the acceleration approaching to a limiting equilitn of the block resting on the
horizontal ground, andg(t) the design ground acceleration, any excess ofjtbend acceleration,
above the critical valuggroduces a relative displacememngs of the block respect to the ground,
according to the following equilibrium equation:

Xrel (1)=ag (1)~ agit (2.1)
and by double integration:

Xrel = J.J‘[Kg(t)_ Kcrit] g dt (2-2)



having expressed the accelerations in terms ansesoefficients:

acrit = Kerit 9

ag(t)=Kg(t)g (2.3)

As shown by equation 2.2 the relative displacenemnly function of the critical acceleration; the
latter may be considered quite a constant relaidtieé geometry and the shear strength of the earth
work. The critical acceleration may be evaluatedeaundifferent hypotheses, by limit equilibrium
(Wong 1982; Bathurst & Cai 1995; Bathurst & Alfal®97; Cai & Bathurst, 1996) or by limit
analysis (Michalowski & You 2000; Ausilio et al. QD).

Following the limit equilibrium, the horizontal cgranent of the active seismic earth pressure, behind
the reinforced nucleus, is evaluated by the Monen&bOkabe approach. Neglecting the vertical
seismic coefficientKy), the function describing the equilibrium of hornital forces may be written in
terms of horizontal seismic coefficier,); this latter becomes minimurky .;r) when the sliding of
the reinforced nucleus in incipient: under thesaddmns, the critical seismic coefficient is only
function of the critical inclination of the failuf@ane(dy):
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in which ¢= soil shear strength anglg,.s=shear strength angle at the base of the reinfanaebkus,
Y=face slope angle respect to the vertical,Msweight of the reinforced nucleus,\¥weight of

the driving soil.

Following the limit analysis, both the reinforcedcteus and the driving soil wedge must satisfy the
kinematic compatibility, which implies that the piacement at the interfaces must occur according to
an associated flow rule. Also in this case, by eeljhg the vertical seismic coefficient, the fuoati
describing the equilibrium of the works may be terit in terms of horizontal seismic coefficient,
which becomes critical when the sliding of the feioed nucleus in incipient: under these conditions
the critical seismic coefficient is only functiohtbe critical inclination of the failure plar{@ry):
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In this paper an evaluation of the permanent degpieents was carried out for the model of reinforced
earth showed in Figure 2.1. The following lengthr@hforcementsL=3m, L=4m andL=5m, were
considered in order to highlight the effect of teanforcement length under the direct sliding motie
failure. The height of the model whis10m, the unit weighy=20kN/n7, the slope angle of the facing
(=6°, the soil shear strength angi&=35° and ¢°=45° and the shear strength angle at the base of the
reinforced nucleutangy,s=0.8tang.
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Figure2.1. Steep geosynthetic reinforced embankments foslttimg block analysis

The critical seismic coefficient was evaluated urloleth the limit equilibrium and the limit analysis
hypotheses, that is, without considering dilataotyhe sliding interfaces or considering a dilatanc
equal to the angle of shear strength. Only thecefi€ horizontal acceleration, in terms of horizint
seismic coefficienKy, was considered. The results of these analysegsuened in Table 2.1.

Table 2.1 Evaluation of the critical seismic coefficienttbe reinforced earth model for direct sliding fadlu
mode under only horizontal acceleration.

KH crit
Limit equilibrium Limit analysis
$=35° $=45° $=35° $=45°
L=3m 0,09 0,27 0,22 0,50
L=4m 0,15 0,33 0,26 0,55
L=5m 0,19 0,37 0,29 0,58

As expected, the limit analysis gave a criticabsge coefficient almost double respect to the limit
equilibrium approach; in fact, the presence oftdilay along the sliding interfaces was able in
introducing more restraints to the horizontal disgiments.

The block model of Figure 2.1 was subjected toNleevmark analysis by considering the historical
earthquakes of Friuli (1976), Imperial Valley (194Qoma Prieta (1989) and Kobe (1995). The
characteristics of these seismic events were dedogehe Pacific Earthquake Engineering Research
Center databasétfp://peer.berkeley.edu/smcat/index.htanhd reported in Table 2.2.

A gradually increasing energy content was highkdghby the Arias intensity (Arias 1970) moving
from the Tolmezzo record toward the Kjma one.

Table 2.2 Kinematic characteristics of the selected seisw@nts from the PEER database

Friuli Imperial Valley] Loma Prieta Kobe

Earthquake Italy California California Japan

(06.05.76) (19.06.40) (18.10.89) (16.01.95)
Rec_ordmg Tolmezzo El Centro Corralitos Kjma
station
PEER Rec. ID P0126 P0006 0745 P1043
Comp. A-TMZ000 I-ELC180 CLS000 KJM000
Mom. Mag. 6.5 7.0 6.9 6.9
PGA (9) 0.351 0.313 0.644 0.820
PGV (cm/s) 22.04 29.70 55.18 81.30
PGD (cm) 4.11 13.04 10.75 17.69
Sampling time (s) 0.005 0.010 0.005 0.020
Arias Int. (m/s) 0.78 1.70 3.24 8.39

The maximum post-seismic displacements of the oeiefd earth are reported in Table 2.3; as
expected the limit equilibrium approach gave alwaywre large displacements respect to the limit
analysis; these displacements, however, were syralegpendent on the soil friction angle. Referring
to the limit equilibrium results, the less firm witure (L=3m andhp=35°) subjected to the Kobe

earthquake gave a maximum displacement of aboutch@8under the same conditions, by only
changing the soil friction angle (L=3m anjgk45°) the displacement reduced to about 13 cm.



Analogous considerations may be advanced for tmé& knalysis approach, but in this case the
displacement of the less firm structure (L=3m &wB5°) would have been about 23 cm and by
changing the soil friction angle (L=3m ap&45°), it would have reduced to nearly zero. Thanefa
considerable practical aspect in the seismic digpleent prevision is the correct evaluation of soll
strength, included the aptitude to dilate.Equaf®2) was integrated by many authors (Richards and
Elms, 1979; Whitman and Liao, 1984; Yegian et &91) with reference to records coming from
many seismic regions. It was found that the postige displacement( may May be forecasted only

on the basis of a few kinematic parameters of giersc event such as the peak ground displacement
(PGA) and the peak ground velocifiPGV) For example, Whitman and Liao (1984) predicted th
permanent displacement over inclined plane by meétise following expression:

Xrel ,max = A{ PPGG\,/: j éB%j

in which A = 37 and B = -9.4 are two constants eatdd by the authors via regression analysis, for
earthquakes of magnitude varying between 6.3 and 6.

2.7)

Table 2.3 Maximum post-seismic displacement of the reinfdrearth model using the Newmark approach

Xrel,max(C”])
$=35° $=45°

Earthquake L(m) quIIiIIriEI:ium Limit analysis qulj_illri?)lrtium Limit analysis
Eriuli 3 5,0 0,3 0,1 0,0
(Tolmezzo) 4 1,6 0,1 0,0 0,0

5 0,7 0,0 0,0 0,0
Imperial 3 13,7 0,1 0,0 0,0
Valley 4 1,3 0,0 0,0 0,0
(El Centro) 5 0,3 0,0 0,0 0,0
Loma Prieta 3 36,3 5.1 3.5 0.4
(Corralitos) 4 12,5 3.8 2,3 0.2

5 6,9 3,0 1,7 0,1
Kobe 3 108,5 22,7 13,4 0,3
(Kjma) 4 52,2 15,0 6,7 0,0

5 32,5 10,3 3,7 0,0

Table 2.4 Comparisons between the maximum post-seismicatisptents of the reinforced earth model using
the Newmark approach and the Whitman and Liao (Le8#ula by evaluating the critical seismic coeiént
by means of the limit equilibrium.

Xrel,max (C m)
(by limit equilibrium
¢'=35° ¢'=45°

Earthquake L(m) Whitman e Liad Newmark | Whitman e Liao] Newmark
(1984) (1965) (1984) (1965)
Frul 7 55 Te 55 55
(Tolmezzo) g 0.3 0,7 0,0 0,0
Imperial Valley 3 7.1 13,7 0.0 0.0
(El Centro) 4 1,2 1,3 0,0 0,0
5 0,4 0,3 0,0 0,0
Loma Prieta 3 47,9 36,3 3,5 3,5
(Corralitos) 4 20,0 12,5 1,4 2,3
5 11,1 6,9 0,8 1,7

Kobe 3 108,4 108,5 13,8 13,4
(Kjma) 4 54,5 52,2 6,9 6,7
5 34,4 32,5 4.4 3,7




A comparison between the prevision of equation)(2dd the results of the Newmark analysis is
reported in Table 2.4 for the case of critical siiscoefficient evaluated with the limit equilibriu
and in Table 2.5 for the case of critical seisnuefticient evaluated with the limit analysis.

Table 2.5 Comparisons between the maximum post-seismicatisptents of the reinforced earth model using
the Newmark approach and the Whitman and Liao (L&8#ula by evaluating the critical seismic coeiint
by means of the limit analysis.

Xrel,max(cm)
(by limit analysi¥
¢'=35° ¢'=45°

Earthquake L(m) Whitman e Liaol Newmark | Whitman e Liao] Newmark
(1984) (1965) (1984) (1965)
R R I R
(Tolmezzo) 5 0,0 0,0 0,0 0,0
Imperial Valley 3 0.1 0.1 0,0 0,0
(El Centro) 4 0,0 0,0 0,0 0,0
5 0,0 0,0 0,0 0,0
Loma Prieta 3 7,2 51 01 04
(Corralitos) 4 4.0 3.8 0.1 0.2
5 2,6 3,0 0,0 0.1
Kobe 3 24,4 22,7 1,0 0,3
(Kjima) 4 15,4 15,0 0,6 0,0
5 10,9 0,3 0,4 0,0
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Figure 2.2 Comparisons between the obtained final displacésnesing Whitman and Liao (1984) and the
sliding Newmark block approaches for the less fitnucture: a) critical acceleration evaluated byitli
equilibrium, b) critical acceleration evaluatedlimgit analysis.

3. THE FEM APPROACH

Numerical modelling was used in this study to gifgrthe reduction factor of the peak ground
acceleration (PGA) of the design earthquake (NTO820If the global ductile behaviour of the
structure is not taken into account, the selectsdigo-static acceleration is quite arbitrary angdo
lead to inappropriate results. The study was lichiie the cases which could be analyzed with the
Mononobe & Okabe method.

The reference structure had a height of H = 10 oh @arslope of 84° in respect to the horizontal.
Various numerical models were developed in ordénvestigate the effects of spacing and length of
the reinforcements (Carrubba & Brusarosco, 201122Carrubba et al 2012). Two spacings, P = 0.5
m and P = 1 m, together with two lengths, L=5 m Bat@l0 m, were considered. In the case of P = 0.5
m, the extensional stiffness of the reinforcemeas wssumed to beA = 1000 kN/m, while in the
case of P = 1 m it was assumed to be double, tiviregga constant rigidity to the reinforced mass.



The two lengths of the reinforcements allowed pgmeschanges in the failure mechanisms to be
highlighted, depending on the extent of the reicdonents themselves.

The soil, having two possible effective shear gterangles ¢'=35° and¢'=45°), had only one
density p=2000 kg/m°), as well as only one elastic modulus=E000 kPa), one Poisson ratio
(v=0.25). These assumptions allowed the influenddethear strength to be highlighted with respect
to the global ductility of the models.

All the models were provided with interface elenserib localize any possible slippage and pullout
along the soil-reinforcement discontinuity. Theeifidce fiction anglé was assumed to be in a fixed
proportion in respect to the soil friction anglenf/tanp=0.80).

The continuous removal of energy during earthqweke guaranteed by soil damping, both hysteretic
and viscous. Hysteretic damping was provided by son-linearity, while viscous damping was
introduced in terms of Rayleighandp constants.

The results of the totality of numerical analysesyied out with the selected earthquakes, allowsed
to conclude that when the energy of the earthquade moderate, the seismic tensile loads provided
by the FEM analyses were a little less than thdgdamonobe & Okabe, while behind the reinforced
nucleus the FEM soil pressures were generally gréhtin those of Mononobe & Okabe, due to the
fact that in this case the soil pressure never ¢etely reached an active state.

As seismic energy increased, the Mononobe & Okglpeoach gave higher values of both the tensile
load in the reinforcements and of the soil pressatgind the reinforced nucleus, with respect to the
FEM results.

To describe such a situation, the nominal seiswédficient of the expected earthquake:

K,=—>"
" g (3.1)

was modified to take into account the ductile bémavof the reinforced earth when using the pseudo-
static approach of Mononobe & Okabe (NTC, 2008kr€&fore, a reduction factof) of the expected
PGA was introduced to obtain a fictitious seismoeféicient (K.*):

* PGA
Kh :ﬁ—
g 3.2)

By considering the post-seismic FEM thrust as geedr by the Mononobe & Okabe formula, the
fictitious seismic coefficient was deduced by congzm:

Payn.rem = Paynmo (Kn*) (3.3)

where: Pynem = the total seismic thrust in the reinforced nuslgrovided by the FEM analysis,
taking non-linearity into accoun®qyn mo (Kn*) = the pseudo-static total thrust in the reinfornadleus
as provided by the Mononobe & Okabe formula byodticing the fictitious seismic coefficiefi,*).
Therefore the reduced factor of the PGA was evatlby the ratio:

K *
IB:L
Kn (3.4)

In order to verify the external stability of thanirced mass, an approach similar to the prevanes
was proposed (Carrubba & Brusarosco, 2011, 2012ppraise the reduction factBr of the pseudo-
static total thrust behind it.

The obtained reduction factorgand S, are shown in Figure 3.1 with respect to @A of the
reference design earthquake. Only two extreme tondiare represented in this picture: the stiffest
reinforced embankment (L=10 m, P=0.5 m &¥45°) and the most ductile one (L=5 m, P=1 m and
$'=35°).



As expected, the strongest Loma earthquake (BXB¥4g) affecting the most ductile structure,
involved reduction factorg? and 5, of about 0.5 and 0.6 respectively. Thereforehboternal and
external stability evaluations could be performgdreans of the Mononobe and Okabe formula, but
considering a reduced PGA of the reference earltegas suggested with Equation (3.2).

Otherwise, in stiff models, independently of thetleguake intensity, thg factor reached values
greater than 0.8; this means that the internafigation of the reinforcements, by using the Mono@o
and Okabe formula, requires nearly the full valtithe PGA of the design earthquake, with the aim of
fitting the FEM results. In these stiff models {efactor generally reached values greater than unit:
this is due to the confining effect induced by @kireinforced nucleus, which prevents the soihdyi
behind the reinforced embankment from reachingcéimeastate of stress.

Finally, even if ductility was able in reducing tbesign PGA - to be considered in the Mononobe &
Okabe formula - on the other hand remarkable deftians occurred under the strongest earthquake
here considered.

1,20 1,6
B a .
» || B b)
; 1,2 -
0.80 8\% themost tiff Q the most stiff
. 1,0 . —
0,60 1 0m————— 08 e
----------------------- o) . “‘“‘““"“---».___
the most ductile 06 themost ductile e -
0,40
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Figure 3.1 The reduction factors of PGA for the stiffest ahd most ductile reinforced embankments: a)
reduction factor for the thrust localised inside tkinforced nucleus, b) reduction factor for thrist localised
behind the reinforced nucleus.

CONCLUSIONS

The seismic design of earth structures is curresglyied out by means of the pseudo-static approach
in which dynamic effects are introduced in termsstdtic forces. Although this method is very
practical and suggested by many codes, it doesaketinto consideration important aspects of the
dynamical behaviour of the soil continuum. Withlretrange of applicability of the Mononobe &
Okabe formula, a reduction factor of the seismiefficient was proposed (Carrubba & Brusarosco,
2011, 2012)n order to achieve a Mononobe & Okabe predictibthe active thrust comparable with
that given by a dynamic complete approach.

In the case of strong earthquakes, the Mononob&&b® seismic thrust, computed with the pertinent
PGA of a design earthquake, could be overestimatatid€rmore ductile structure. To this purpose,
reduction factorsf and g, for the thrust localised inside and behind thefaeted nucleus, were
found to be about 0.5 and 0.6 respectively. Theeeflmoth external and internal stability verificaits
can be carried out with the Mononobe & Okabe apgrphy considering the seismic coefficients, as
suggested with the equation (6).

Otherwise, in stiff embankments, more 896 of the PGA of the design earthquake is necessary for
the safe pseudo-static stability verification, biotternal and external, independently of the eardke
intensity.

Referring to the displacement method, it was pdsgib verify that the expression of Whitman and
Liao (1984) is capable of giving a good previsidnhe sliding Newmark block for both the procedure



used in the evaluating of the critical acceleration
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