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a b s t r a c t

Load and resistance factor design (LRFD) approach for the design of reinforced soil walls is presented to
produce designs with consistent and uniform levels of risk for the whole range of design applications.
The evaluation of load and resistance factors for the reinforced soil walls based on reliability theory is
presented. A first order reliability method (FORM) is used to determine appropriate ranges for the values
of the load and resistance factors. Using pseudo-static limit equilibrium method, analysis is conducted to
evaluate the external stability of reinforced soil walls subjected to earthquake loading. The potential
failure mechanisms considered in the analysis are sliding failure, eccentricity failure of resultant force
(or overturning failure) and bearing capacity failure. The proposed procedure includes the variability
associated with reinforced backfill, retained backfill, foundation soil, horizontal seismic acceleration and
surcharge load acting on the wall. Partial factors needed to maintain the stability against three modes of
failure by targeting component reliability index of 3.0 are obtained for various values of coefficients of
variation (COV) of friction angle of backfill and foundation soil, distributed dead load surcharge, cohesion
of the foundation soil and horizontal seismic acceleration. A comparative study between LRFD and
allowable stress design (ASD) is also presented with a design example.

& 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Current design practice of reinforced soil retaining walls is based
on the limit equilibrium approach. The walls are designed for both
external and internal stability criteria. There are several possible
failure modes considered in the design of reinforced soil retaining
walls to satisfy both external and internal stability. The reinforce-
ment length is governed by the external stability conditions and the
vertical spacing of reinforcements is governed by the internal
stability conditions. Further, design of the wall should be such that
minimum required safety factors are fulfilled for all failure modes
under static as well as earthquake loading. The major design
considerations for a reinforced soil structure are the stability
assessment of the potential external failure modes of the wall.
The design earthquake imposes several types of dynamic loads on
the structure. The greatest dynamic load is the inertia load caused
by the response of the backfill soil to ground motion accelerations.

Many studies are reported in the literature regarding the seismic
stability analysis of reinforced soil structures based on a pseudo-
static limit equilibrium analysis (Bathurst and Cai [1], Ling et al. [2],
Ling and Leshchinsky [3], Ismeik and Guler [4], Basha and Basudhar

[5]). An important issue in the evaluation of seismic stability of
reinforced soil structures is the lack of exact knowledge of strength
parameters of the backfill and foundation soil parameters. Since
there are many uncertainties in backfill and foundation soil proper-
ties, the analysis from the probabilistic point of view is needed.
An effort has been made in this direction by Chalermyanont and
Benson [6] who conducted a reliability study on the external
stability of mechanically stabilized earth walls in static conditions.
Basha [7] and Basha and Babu [8] reported a study on reliability
based design optimization of external seismic stability of reinforced
soil structures under earthquake loading using pseudo-dynamic
method. Again, using similar pseudo dynamic approach, Basha and
Babu [9] presented a methodology for reliability assessment seismic
internal stability of reinforced soil structures using logarithmic
spiral failure mechanism by taking into account three failure modes
such as tension failure, pullout failure and total pullout failure. In
addition, Basha and Babu [10] reported seismic external stability
analysis of geosynthetic reinforced soil walls by taking into account
the effect of uncertainties using target reliability based approach
(TRA) considering three modes of failure such as sliding, bearing
and overturning or eccentricity failure.

Seismic design of a mechanically stabilized soil structure sub-
jected to earthquake ground motions requires explicit satisfaction of
multiple performance criteria such as sliding stability, eccentricity
(or overturning) stability and bearing capacity stability modes.

Contents lists available at ScienceDirect

journal homepage: www.elsevier.com/locate/soildyn

Soil Dynamics and Earthquake Engineering

0267-7261/$ - see front matter & 2014 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.soildyn.2014.01.013

n Corresponding author. Tel.: þ91 80 22933124; fax: þ91 80 23600404.
E-mail address: gls@civil.iisc.ernet.in (G.L. Sivakumar Babu).

Soil Dynamics and Earthquake Engineering 60 (2014) 8–21

www.sciencedirect.com/science/journal/02677261
www.elsevier.com/locate/soildyn
http://dx.doi.org/10.1016/j.soildyn.2014.01.013
http://dx.doi.org/10.1016/j.soildyn.2014.01.013
http://dx.doi.org/10.1016/j.soildyn.2014.01.013
http://crossmark.crossref.org/dialog/?doi=10.1016/j.soildyn.2014.01.013&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.soildyn.2014.01.013&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.soildyn.2014.01.013&domain=pdf
mailto:gls@civil.iisc.ernet.in
http://dx.doi.org/10.1016/j.soildyn.2014.01.013


FHWA [11] reported that the reinforced soil walls must be designed to
avoid external modes of failure, viz. sliding failure on its base, over-
turning failure (or in terms of eccentricity failure of the resultant force
striking the footing base) and bearing capacity failure of the founda-
tion soil. American Association of State Highway and Transportation
Officials, AASHTO [12] recommended that for static loading, the
minimum factors of safety in relation to sliding and overturning
modes are 1.5 and 2.0, respectively, and eccentricity of the resultant
force should be lesser than one sixth of the width of wall. Further, the
minimum factor of safety against bearing capacity failure mode should
vary between 2.0 and 2.5. Under earthquake loading, FHWA [11]
requires a minimum factor of safety of 1.0 for the design of walls.
Currently used design manuals for the design of reinforced soil walls
rely primarily on the traditional allowable stress design (ASD) format
in which the safety factors are prescribed deterministically. These
deterministic safety factors are based on several years of experience
and supporting observations from the test data (Choi [13]).

AASHTO [12] has moved away from ASD and accompanying
factors of safety for geotechnical design to load and resistance
factor design (LRFD). LRFD has the advantage over conventional
ASD, in that it accounts for the variability in both resistance and
load, as well as provides the same consistent probability of failure
for the structure. The first objective of this paper is to evaluate the
load and resistance factors for the seismic design of reinforced soil
walls against external failure modes with the rigorous probability-
based framework of the LRFD approach. The designation LRFD
reflects the concept of factoring both loads and resistance. This
type of factoring differs from the ASD specification, where only the
resistance is divided by a factor of safety (to obtain allowable
stress). The LRFD approach was devised to offer the designer
greater flexibility, more rationality, and possible overall economy.

The format of using resistance factors and multiple load factors is
not new, as several such design codes are in effect (AASHTO [12]).
In this paper, the use of a probabilistic mathematical model in the
development of the load and resistance factors, which made it
possible to give proper weight to the accuracy with which the
various loads and resistances can be determined.

The partial factors are dependent on the degree of uncertainty
and influence of the relevant quantities, and on the desired level of
safety. The magnitude of the load and resistance factors is estab-
lished using probabilistic calculations. A design code developed
using LRFD concept provides risk consistency, is likely to result in
more economical designs. The reference manual by FHWA [11]
reported LRFD approach (refer to Chapter 14) for the mechanically
stabilized earth walls, and presented a first step toward developing
load and resistance factors, addressing static loading. For the design
of reinforced soil walls, the current FHWA [11] recommends the
resistance factors in bearing capacity mode range from 0.35 to 0.60
depending on the design method, and for base sliding mode it
should be 1.0. However, the existing resistance factors are recom-
mended for static loading and based on the variability associated
with the properties of the backfill that were collected from sites that
do not necessarily reflect the variability of local backfill soils or
design practice. Therefore, the resistance factors recommended by
the existing FHWA [11] code need to be verified before being
applied to local backfill condition.

In the recent years, Allen et al. [14], Bathurst et al. [15] and
Kulhawy and Phoon [16] described methodologies for LRFD for
geotechnical and structural design. Basha and Babu [17] reported
the load and resistance factor design (LRFD) approach for the
reliability-based seismic design of bridge abutments using
pseudo-static limit equilibrium method, considering overturning

Notations

Amax peak horizontal ground acceleration coefficient
c cohesion of the foundation soil
e eccentricity of the resultant force
fX(x) is a joint probability density function of X
FSsli, FSb factor of safety against sliding and bearing failure

modes
FSe factor of safety against eccentricity failure mode
DL distributed dead load surcharge
g acceleration due to gravity
gð: Þ limit state function
H height of geosynthetic reinforced soil wall
kh horizontal seismic acceleration coefficient
L length of the geosynthetic reinforcement
LL live load surcharge
Nc,Nq,Nγ bearing capacity factors
Pa active earth pressure due to backfill soil
Pae seismic active earth thrust
Pq active earth pressure due to surcharge load
ΔPae seismic component of active earth pressure
Kae seismic active earth pressure coefficient
q surcharge load acting on the backfill soil
qu ultimate bearing capacity of a shallow foundation
Q surcharge coefficient
ui variables in standard normal space
X¼fxigni ¼ 1 vector of random variables representing uncertain

quantities
U ¼ fukgnk ¼ 1 vector of standard random variables representing

uncertain quantities
u* most probable point of failure (MPP)

xin design variable corresponding to target reliability
index.

WABFE weight of the reinforced soil block ‘ABFE’
WAGIE weight of the reinforced soil block ‘AGIE’
∑Fr sum of the horizontal resisting forces
∑Fd sum of the horizontal driving forces
Φð:Þ the standard normal cumulative distribution
βt target reliability index
βsli, βb reliability indices against sliding and bearing failure

modes
βe reliability indices against eccentricity failure mode
COV coefficient of variation
γ unit weight of the reinforced backfill soil
γb unit weight of the foundation soil
μi mean of random variable
μi

N equivalent mean of non normal random variable
si standard deviation of random variable
si

N equivalent standard deviation of non normal random
variable

ηi load factor
Ψ i resistance factor
ϕ friction angle of the reinforced backfill soil
ϕb friction angle of the soil below the base slab of the

retaining wall
δ interface wedge friction angle between reinforced and

retained backfill
δb interface friction angle between wall base and founda-

tion soil
sv vertical stress at the base and
θw angle of slope with vertical.

B. Munwar Basha, G.L. Sivakumar Babu / Soil Dynamics and Earthquake Engineering 60 (2014) 8–21 9



Download English Version:

https://daneshyari.com/en/article/304092

Download Persian Version:

https://daneshyari.com/article/304092

Daneshyari.com

https://daneshyari.com/en/article/304092
https://daneshyari.com/article/304092
https://daneshyari.com

