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1.0 INTRODUCTION

Measured field data generally indicates that under typical conditions, the maximum mobilized
reinforcement force, particularly for geosynthetics in mechanically stabilized earth (MSE) walls
and slopes, is less than predicted in current design. While reasonable conservatism in design is
prudent, it seems that the one major reason for what appears as an overly-conservative design is
the lack of distinction between typical and atypical field conditions. Atypical conditions may
temporarily exist during the lifespan of the structure, and these conditions are addressed in any
sound design. These conditions should consider situations such as heavy rainfalls, earthquakes,
and vehicular collision impact. Measured field data related to reinforcement force and
corresponding to, for example, high degree of backfill saturation is rare although numerous
failures have occurred after heavy rainfall events. That is, measured data is usually for typical
field conditions thus may not represent atypical conditions.

Leshchinsky and Tatsuoka (2013) pointed out that the apparent small mobilization of
reinforcement force under typical or normal conditions is mainly due to three reasons. One is the
frictional strength of soil used in design is often significantly lower than the actual value when
one considers typical select, well-compacted backfill. For example, AASHTO (2002, 2007)
limits ¢ to a maximum value of 40°, allowing a default value of 34° if no shear testing is
performed. Consequently, while for the specified gradation and compaction level the ¢ value
could be much more than 40°, in design, a typical value of 34° is used. This alone may result in
approximately doubling the predicted load in geosynthetic reinforcement. A second contributor
to underestimation of reinforcement load is neglecting toe restraint. Frictional resistance
generated along a 1 ft wide leveling pad or bottom facing block/panel can reduce the
reinforcement load by as much as 50% (e.g. Huang et al., 2010; Leshchinsky and Vahedifard,
2012). A third contributor is potential soil suction which generates an apparent cohesion in
seemingly acceptable granular backfill. Such apparent cohesion which can be diminished with
change in moisture content has a large impact on stability (e.g., Ling et al., 2009) thus rendering
the reinforcement, in many cases, nearly inactive or dormant. However, even if all these factors
are considered, experimental data shows that AASHTQO’s design could still be overly-
conservative.

As an example, consider the failure of a wall designed based on AASHTO (2002) and shown in
Figure 1-1. It occurred simultaneously on both sides of the rounded corner. Forensic study
indicated that, layer by layer, sectors of geogrid reinforcement were not placed near the curved
corner in the upper tier thus forming a vertical prism of unreinforced soil. The obvious
expectation is that failure should have occurred during construction since unreinforced
cohesionless soil, meeting AASHTO’s specification, could not stay stable as a vertical slope.
However, collapse occurred about a year after the end of construction. The soil moisture content
increased to a point where soil suction, and subsequently apparent cohesion, diminished to a
level where missing reinforcements led to a predictable failure. Viewed differently, adequate
installation of geogrids in this case would have rendered the reinforcement mostly dormant, i.e.,
hardly mobilized during and in the months following construction. However, as the apparent
cohesion was diminishing with increased moisture, the geogrid strength and facing resistance
would have been activated to a level needed to maintain the stability of the structure designed for
cohesionless backfill. This case demonstrates that measuring the reinforcement load under



normal conditions must be assessed carefully as it may lead to unsafe conclusions regarding
realistic, perhaps atypical, limit state conditions.

; > AL . i _z.i -- i" *‘ﬁ““. 2
Figure 1-1. Result of missing reinforcement: close-up (left) and general view (right)
[January 2008, Salt Lake City, Utah]

Sound geotechnical design needs to look at conditions which are likely to occur during the
lifespan of the structure. Under these conditions the structure should be in static equilibrium.
Limit equilibrium, LE, is one of several methods of analysis that can be used to assess limit state.

It is noted that limit state failure in MSE structures is not a hypothetical situation; it has
happened (e.g., Koerner and Koerner, 2013, Valentine, 2013). In structures where failure occurs
along a zone extending from the reinforced into the retained soil (i.e., compound failure), the
rupture of the reinforcement is not directly visible as the reinforcement is buried and entangled in
a large mass of collapsed soil. However, often the facing fails as the shear strength of the backfill
is fully mobilized along a shallow slip surface. It is accompanied by rupture of the reinforcement
at the connection with backfill falling and slipping or sloughing along the front end of the
reinforcement. Examples of such limit state situations are shown in Figure 1-2 and Figure 1-3.
While it is not known whether the actual designs of these walls followed AASHTO, it is
apparent that water played an important role leading to collapse of apparently stable structures.
Figure 1-4 shows a ‘landslide’ of a tall reinforced slope, seemingly designed following FHWA
(2002) procedure. The 30 layers of geogrid within the 90 feet high head scarp ruptured, all far
from the slope face. The actual reasons for the failures depicted in these three figures are not
fully known. However, the fact is that a strength limit state failure occurred sometime after
construction, resulting in rupture of geosynthetic layers. The tradition of assessing stability of
geotechnical structures while considering feasible long term conditions is clearly needed when
designing MSE structures.

The main objective of this report is to introduce a rational design framework suitable for
determining the limit state conditions, enabling the designer to establish adequate margins of
safety against such state. This rational approach uses LE analysis to produce baseline solution
for a given problem of geosynthetic reinforced walls and slopes. This unified approach does not
use an artificial distinction between reinforced ‘walls’ and *slopes.” The modified LE approach
allows for consistent results in solving geotechnical problems having complex geometries and
soil profiles. At this stage the LE framework is limited to extensible reinforcement and is
restricted to Allowable Stress Design (ASD).



Figure 1-2. Metallic reinforced wall: limit state shallow failure [June 2010, Monterrey,
Mexico, Hurricane Alex]

Figure 1-3. Geosynthetic reinforced wall: limit state shallow failure [I1-85 near EXxit 70,
Cusseta, Alabama; photo taken February 2007]
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Figure 1-4. Geosynthetic rupture in reinforced tall slope [Yeager Airport, Charleston, WV,
March 2015]

1.1  MSE Structures: Limit Equilibrium Concept in a Nutshell

Details of a LE methodology suitable for design of MSE structures are provided in Chapters 9
and 10. Aspects such as connection and reinforcement loads, pullout resistance, mixed length
and spacing of reinforcements (e.g., secondary layers), are considered to be mutually dependent.
However, to facilitate the understanding of the review presented in the following chapters, the
LE concept as related to soil reinforcing is briefly described below.

Consider the problem in Figure 1-5a (Leshchinsky, 2009). For simplicity, a planar potential slip
surface AB is assumed. Rather than showing the reinforcement force at each intersection with
AB, the summation or the resultant of these forces, denoted as XT, is shown at some elevation.
The assumed AB fully defines a test body ABC. Figure 1-5b shows a free body diagram for ABC.
In this simple illustrative case, the problem is statically determinate and solving the force
equilibrium equations (i.e., see force polygon), one can find £T without resorting to statical
assumptions. The line of action of T can be determined based on the distribution of T. Imposing
moment equilibrium for the test body makes it possible to find the location of the frictional
resultant R; this is not usually done as it is not practically needed but it indicates that moment
equilibrium is implicitly satisfied too. Repeating the calculations for a different test body (i.e.,
different angle ) will yield different £T. The maximization process is repeated until max(ZT) is
found. The value of max(XT) is then distributed amongst all reinforcing layers using an assumed
distribution function such as triangular, uniform or trapezoidal (e.g., Leshchinsky et al., 2010b).
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While globally such an approach is consistent, an assumed distribution may result in some layers
being locally overstressed. Chapter 9 introduces a methodology or framework in which global
equilibrium is satisfied while potential local overstressing is addressed rationally.

WL

- A

0
\‘~ M tan{d)

]
ib)

Figure 1-5. Basic statics: (a) test body ABC representing the summation of all
reinforcements along AB as XT; (b) free body diagram and force polygon

It is noted that while the problem in Figure 1-5 considers for simplicity a planar surface, more
critical surface geometries (i.e., surfaces requiring larger max(XT)) may exist. Commonly, the
planar surface that render max(XT) defines an active wedge. The shear strength of the soil along
AB (Figure 1-5) is assumed to be fully mobilized. Full mobilization of soil strength in a limit
state is feasible even when dissimilar materials are involved provided that these materials exhibit
plastic strength (e.qg., soil) or having ductile behavior while appropriate shear strengths were
selected for analysis. A classic example would be a layered soil profile such as a granular soil
layer over cohesive soil layer. However, this may not be the case for reinforcement that is
incompatible with the embedding soil. Hence, a discussion on this potential issue is presented.

AASHTO classifies reinforcement as either ‘extensible’ or ‘inextensible” without providing an
explicit definition of what constitutes extensible or inextensible. It implies that such
classification is manifested by two empirical criteria. The first criterion is by determining the
equivalent lateral earth pressure coefficient, Ky, for a given reinforcement at a working load
condition. The second criterion is by examining the locus of Tmax through the reinforcement
layers. This locus, often called “failure surface,” defines an active wedge, although it is measured
at working load conditions. These criteria serve as the basis for AASHTO’s design. The
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empirical data for establishing the classification of reinforcement is scattered, and thus requires
statistical interpretation.

When dealing with LE, extensible and inextensible reinforcement can be defined more rationally.
That is, reinforcement that is sufficiently ductile to allow the soil to mobilize its shear strength
would be considered as extensible. If AASHTO’s granular compacted backfill, meeting
gradation requirements, is considered for walls, reinforcement rupture strains greater than, say,
approximately 3% will allow the soil to fully mobilize its strength. Based on this “rule of thumb”
criterion, most geosynthetics will be considered as extensible allowing the soil to mobilize its
strength while contributing tensile resistance, well below rupture, to sustain a test body in limit
equilibrium state. In design, geosynthetic reinforcement then must have sufficient long-term
strength to allow for LE state with a prescribed margin of safety. Ductility of reinforcement
allows for load shedding (e.g., Leshchinsky et al., 2010a) meaning possible redistribution of
loads amongst reinforcement layers.

Using the 3% rupture strain as a criterion, metallic reinforcement would generally be considered
as inextensible. It means that prior to a LE state in which the soil strength is fully mobilized, the
metal may be overstressed and rupture, and thus cease resistance contribution needed for
stability. In reality, inextensible reinforcement restrains the formation of an active wedge and
since the soil does not contribute its full strength, the reinforcement then must carry loads higher
than extensible reinforcement to satisfy equilibrium of the wedge. While it may not be a problem
meeting the needed strength of metallic reinforcement, its potential rupture after exceeding its
yield strength could be incompatible with soil strength, thus requiring careful evaluation when
considering inextensible reinforcement in LE analysis. As shown in the following chapters, a fair
amount of experimental and numerical work has been conducted to establish the limit state for
extensible reinforcement while similar work with inextensible reinforcement is seriously lacking.

1.2 Overall Organization of Report and Rationale

Experience indicates that reinforced soil structures are safe and economical. The intention of
showing strength limit state failures in Chapter 1 is not to intimidate designers from using good
technology. It is just to demonstrate that if conditions that may occur during the life of the
structure are not adequately considered in strength limit state design, failure may occur. Such
conditions include, for example, water percolation or seepage, seismic events, and material
degradation. Limit state failures may be due to inadequate design and/or poor construction
violating design assumptions. What appears as conservative design under typical conditions
may fail under atypical but predictable conditions. The objective of this report is to provide a
framework for adequate design strength limit state failure. It can deal with aspects such as water,
seismicity, complex strata, and complex structure geometry.

To develop this document, a sequence of tasks had to be accomplished. The presentation follows
this sequence. First, an overview of common design approaches is briefly presented in Chapter 2.
Second, a general LE approach is discussed (Chapter 3) including a detailed example using the
safety map tool. It is shown that this tool can be effective in determining the layout and strength
of reinforcement. However, this approach (termed ‘conventional’) requires the designer to
specify the long term strength of the reinforcement including its connection. While the strength
can be “guessed’ through trial and error, the connection strength is assumed. To determine
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whether the LE design approach is warranted, comparisons of its limit state predictions with
experimental test results (Chapter 4) and with continuum mechanics-based numerical methods
results (Chapter 5) were conducted. This literature review revealed that, generally, the
comparisons with structures reinforced with extensible inclusions were reasonably good.
However, strength limit state comparisons with inextensible reinforcement are scarce.
Consequently, the scope of this report is limited to the development of a design framework of
geosynthetic reinforced structures.

When formulating LE in the context of LRFD, it became apparent that there are fundamental
conflicts between LRFD and LE applied to soil (i.e., material possessing frictional strength).
Resolving these conflicts (Chapter 6) is beyond the scope of this project. Hence, the scope was
limited to ASD thus enabling the use of standard LE analysis in the framework.

Design standards in a few other countries were reviewed (Chapter 7). Use of LE in design of
MSE walls in codes such as the German EBGEO adds confidence in developing a design tool
based on LE for use in the USA. Since LE is already in use for design of reinforced slopes (i.e.,
face batter greater than 20 degrees), a brief retrospective of applicability of limit state analysis in
reinforced walls is provided in Chapter 8. Such analysis is for the strength limit state where the
reinforcement is sufficiently ductile to allow the soil to mobilize its strength well before it
ruptures. It is noted that ASD design requires a minimum factor of safety on the soil strength,
generally between 1.3 and 1.5. Such design artificially reduces the soil strength resulting in
longer and stronger reinforcement. Hence, the actual structure is not at the brink of failure; it has
a safety margin, similar to engineered ordinary slopes.

The original contribution in this report starts in Chapter 9. A methodology is presented
providing the designer with a baseline solution for the reinforced problem. That is, for a given
layout of reinforcement, soil strata, a simple or complex geometry, surcharge, and possible future
events (earthquake, flooding), the designer gets the force in the reinforcement, including at the
connection. This force varies along each reinforcement layer ensuring that a prescribed factor of
safety on soil strength is essentially the same everywhere within the reinforced mass. That is, a
safety ‘map’ is produced where the soil is equally mobilized everywhere through adjustment of
the reinforcement force. It is computationally extensive and the methodology presented ‘scans’
the mass with numerous trial slip circles using a top-down approach. The method of analysis
selected in the framework is Bishop’s analysis.

At first, the framework methodology may appear abstract, difficult to follow. To ease the
understanding of the methodology and realize its practical implications, instructive examples are
presented in Chapter 10. It includes comparison with AASHTO ASD, assessment of spacing
effects, secondary reinforcement, a seismic problem, and a hybrid complex problem comprised
of a reinforced ‘wall’ topped with a reinforced ‘slope’, carrying live load, and reinforcement
length limited by cemented sandstone ‘retained soil’. It is shown that the baseline solution
enables one to select adequate reinforcement and specify minimum connection strength. The
example problems demonstrate that “traditional’ LE stability assessment is needed after selecting
the reinforcement to ensure that the designed structure is indeed stable for other possible modes
of failure. The implications of limit state connection loads are discussed in the context of design
of critical structures where movement is severely restricted. In the concluding remarks (Chapter
11), issues discussed before are summarized.



20 COMMON METHODS OF ANALYSIS

The general objective in designing MSE structures is to determine the required strength and
layout of the reinforcement so as to satisfy prescribed performance criteria. For a given facing,
the layout and strength of the reinforcement are coupled, possibly leading to many potential
solutions yielding satisfactory performance. The selected solution should be economical,
considering the cost of facing, reinforcement, backfill, and construction. In Chapters 9 and 10 an
analytical framework is presented helping the designer in making a rational consideration of all
factors.

The following is a brief review of several design methodologies including semi-empirical,
analytical, and complex numerical approaches:

1. Lateral Earth Pressure: Most design methods determine the reinforcement load based on
calculated lateral earth pressures (e.g., the ‘Simplified Method’ as in AASHTO 2002, 2007).
The approach is semi-empirical (e.g., lateral earth pressure coefficient and connection load
are empirically selected or arbitrarily imposed). The main advantage of this approach is its
simplicity. However, experience shows that it could lead to overly conservative selection of
reinforcement strength when max(Tmax) IS used as the selection criterion. Also important is its
limitation for wall face batter to a maximum of 20° as well as its applicability to only very
simple geometry and to homogeneous backfill. It has limited consideration of the interaction
amongst reinforcement layers, and therefore, it offers little insight in terms of producing an
optimized design which may include intermediate reinforcement layers at some elevations. In
fact, the empirical coefficients used in this approach were determined at working load
conditions, not at a limit state. Nevertheless, frequently the locus of Tmax is termed failure
surface thus implying the logical conclusion that it was established for a limit state.
Furthermore, it is often confused with LE analysis where actually LE does not deal explicitly
with lateral earth pressures. This confusion is promoted by the fact that for geosynthetics the
locus of Tmax is assumed to coincide with the failure plane rendered by Coulomb analysis.
While Coulomb’s is one of several possible LE analyses, it does not necessarily imply for
uniformly spaced reinforcement a linear increase in force with depth as done, for example, in
AASHTO for extensible reinforcement.

2. Continuum Mechanics: This approach is numerically based (finite element, FE, and finite
difference, FD). It is comprehensive in a sense that basic rules of mechanics are considered
while accounting for boundary conditions and detailed material constitutive behavior
including nonlinearity. It is valid for slopes, walls, stratified soil, water, and more. To obtain
reliable results at working load conditions (e.g., displacement), quality field data is needed,
more than would generally be used in typical design. FE and FD results at a limit state could
be reliable, not requiring an a priori assumption regarding the shape of the critical failure
surface. However, FE/FD requires a designer with understanding of the numerical tool
including its potential limitations and pitfalls (e.g., Cheng et al., 2007; Shukha and Baker,
2003; Duncan 1996).

3. Limit Analysis (LA): Numerical upper bound in LA, based on the theory of soil plasticity,
yields kinematically admissible failure mechanisms; i.e., it is not necessary to assume
arbitrarily a failure mechanism, which is an advantage when complex problems are
considered. Numerical LA can deal with layered soil, complex geometries, water, seismicity,
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etc. It is valid for reinforced slopes and walls. However, limited familiarity of practicing
engineers with LA hinders its current use in routine design.

4. Limit Equilibrium (LE): LE can be applicable for complex problems including walls, slopes,
compound geometries, layered strata, water, seismicity, etc. Its application to reinforced soil
problems is merely an extension of an approach that has been used for decades in other, some
critical, geotechnical problems. One concern with LE (and LA) is its lack of direct
consideration of compatibility between dissimilar materials. However, in unreinforced soil
problems, consideration is given to the selection of material properties and prevailing failure
mechanisms when vastly different soil layers exist. A thirty-year experience shows that the
use of LE in conjunction with soil and geosynthetics, both “ductile” materials, is not much of
an issue. However, material properties for limit state design should be carefully selected as
stated in Section 1.1. Chapters 4 and 5 indicate that there is limited work done in
conjunction with limit state of inextensible reinforced structures. Hence, the presented LE
framework is currently limited to extensible reinforcement.

The mechanics of LE is tangible and simple to apply. If properly used, it can yield reasonably
good agreement with experimental data (e.g., see Chapter 4) as well as with results obtained
from numerical analysis methods such as FE and FD (discussed in Chapter 5). Current LE design
of geosynthetic structures is concerned mainly with global instability. The framework presented
in Chapters 9 and 10 extends its use to local conditions thus yielding the required reinforcement
strength along each layer considering a given layout of the reinforcement, geometry of the
structure, backfill types, seismicity, toe resistance, cohesion, and other relevant factors.



3.0 LE APPROACH INCLUDING THE SAFETY MAP TOOL

Duncan and Wright (2005) provide an overview of LE analysis of reinforced slopes and walls.
There are numerous papers on reinforced slope stability analysis published in journals and
conference proceedings since the late 1970’s. In fact, one may consider the design of reinforced
slopes using LE as common nowadays. However, LE analysis that is general enough to deal with
the specifics of MSE walls is quite limited (e.g., Leshchinsky et al., 1995; Leshchinsky, 1997;
Leshchinsky et al., 2010b; Leshchinsky and Vahedifard, 2012). The papers by Han and
Leshchinsky (2006) and Leshchinsky et al. (2014) deal with specifics such as required tensile
resistance along the reinforcement, providing a design framework. Practical modification of this
framework is presented in Chapters 9 and 10.

Since stability of reinforced soil structures is a subset of slope stability problems, some design
codes allow for LE-based design of such structures (see Chapter 7). FHWA and AASHTO allow
for LE design of reinforced slopes, arbitrarily defining it as having a maximum inclination of
70°, while requiring LE assessment of global stability of reinforced walls (i.e., inclination >70°)
as a final design step. LE analysis is recognized by FHWA and AASHTO as a legitimate
strength limit state design tool; however, its implementation in walls is lacking.

In this chapter, the safety map methodology using LE analysis to select satisfactory layout of
reinforcement is discussed, mainly through instructive demonstrations. It is based on safety
factors in Allowable Stress Design (ASD) being applicable to any reinforced soil structure. The
detailed demonstration is presented here, not just referenced, since the design framework in
Chapters 9 and 10 is a special case of the safety map. That is, for any potential (circular) slip
surface in the framework, the strength of the reinforcement is determined so as to render a
constant spatial factor of safety; i.e., the likelihood of failure at any location within the reinforced
soil mass is the same.

Some generic slope stability software packages (e.g., ReSSA, Slide, Slope/W) offer a diagnostic
tool that facilitates optimal design of reinforced soil structures. This tool, formally introduced by
Baker and Leshchinsky (2001), is termed “safety map”. It is a color-coded map that, for a
specific failure mechanism, shows the spatial distribution of the safety factors within the soil
mass, thus indicating zones where the margin of safety is too low or where it is excessively high.
The safety map, in the context of reinforced soil, indicates whether the assumed strength and
length of reinforcement produces adequate stability. The specified strength of reinforcement
along its length is illustrated in Figure 3-1. Note that at any location along the reinforcement, its
strength is limited by either its intrinsic rupture strength or its pullout resistance, whichever value
is smaller. Pullout resistance depends on the overburden pressure, reinforcement anchorage
length, and reinforcement-soil interface properties. At the front side, pullout is superimposed on
the connection strength when moving from the front into the backfill soil. In conventional LE
analysis this connection strength has a known value using, for example, the method in AASHTO.
The pullout resistance shown in Figure 3-1 varies linearly thus reflecting a simple problem with
zero batter and a horizontal crest. For more complex boundary conditions, the pullout resistance
distribution will not be linear (further details are given in Chapters 9 and 10).
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Figure 3-1. Available tensile resistance along reinforcement in current design

The factor of safety, Fs, used in current LE methods is related to the soil shear strength. It
signifies the value by which the soil strength should be reduced to attain equilibrium at a limit
state. It means that the reciprocal value of Fs (i.e., 1/Fs) signifies the average level of
mobilization of the soil strength. The safety factor, SF, has similar meaning to Fs except that its
value at any location within the mass is larger than Fs unless SF is examined on the trace of the
critical slip surface where it degenerates to its minimum value of Fs. That is, for each analyzed
potential slip surface there is an associated safety factor, SF, and the factor of safety, Fs,
corresponds to the lowest SF; i.e., Fs=min(SF). The most likely (i.e., the critical) slip surface is
associated with Fs.

It is noted that Baker and Leshchinsky (2001) introduction of the safety map is done
mathematically rather than intuitively. That is, they showed that contour lines of SF associated
with numerous analyzed potential slip surfaces do not intersect with each other thus making the
concept of safety map physically valid. The practical implications of the safety map in the
context of current LE design of reinforced soil is best demonstrated through an example

problem. The following example problem was generated using program ReSSA. It was originally
published by Leshchinsky (2005) with additional elaboration by Leshchinsky (2011).

Consider the problem of stability of a multi-tiered slope/wall adjoining a rock slope as detailed in
Figure 3-2. The design objective is to efficiently determine the required layout and strength of
reinforcement to ensure sufficient minimum margin of safety Fs. The slope of the lower tier is
2(v):1(h) while the top tier is at 20(v):1(h). According to AASHTO’s definition, this is a case of
tiered walls over reinforced slope and, as such, there is no clear design methodology. Note that
the foundation soil is comprised of an 8.2-ft thick layer of residual soil possessing drained shear
strength of $=15°. Also note that the bedrock defines a slender slope/wall structure while
effectively limiting the depth of potential slip surfaces.
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Figure 3-2. The basic problem of multi-tiered slope/wall

For cohesionless unreinforced slopes, the critical slip surface coincides with the steepest slope
surface. That is, if circular arcs are considered, the critical circle will have its center far from the
slope rendering an arc that degenerates to planar surface coinciding with the slope surface. The
corresponding Fs for the unreinforced problem then is trivial. As it is in an infinite cohesionless
slope, its value is equal to tan(¢)/tan(B) where B is the angle of the steepest slope which is the
upper tier in this example; i.e., the steepest slope is 20(v):1(h) meaning that
Fs=tan(34°)/20=0.034. Figure 3-3 illustrates rotational failure surfaces as rendered by Bishop’s
analysis. It shows the location of the critical circle. By itself, this surface is of little value when
designing for reinforcement. However, the red zone in the safety map shows that, practically,
most of the granular backfill needs to be reinforced since the safety factor, SF, is less than 1.3
nearly everywhere. Note that for reinforced slopes, FHWA requires Fs>1.3. The safety map,
Figure 3-3, indicates visually the zones within which the SF is unsatisfactory.

As a first iteration in the design process, the reinforcement layout shown in Figure 3-2 is
specified. The long-term design strength of the reinforcement, LTDS, for the bottom tier is 5482
Ib/ft; for the second tier, it is 3426 Ib/ft; for the third tier, it is 2056 Ib/ft; and for the top tier, it is
548 Ib/ft. The connection strength is assumed to equal the design strength of the reinforcement;
interface strength coefficient of reinforcement-backfill was taken as 0.8tan(¢) [i.e., F*a. =
0.8tan(¢)]; coverage ratio is Rc = 100%. Re-running the reinforced problem using Bishop’s
analysis yields the safety map shown in Figure 3-4; Fs now is 1.29 (i.e., practically acceptable)
and its corresponding critical circle is limited by the bedrock. The safety map implies the
following:
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1. SF everywhere meets the required minimum of 1.3. The map shows that for a rather large
zone, the range of safety factors is between 1.3 and 1.5 (i.e., an economical range for safety
values). Hence, the selected strength and length of the reinforcement is adequate to resist
rotational failure, in a seemingly economical arrangement.

2. The red zone extends into the residual soil and is restricted by the bedrock. Hence, although
the red zone in Figure 3-3 indicates an economical selection of reinforcement, it also signals
different potential failure mechanisms that can adapt to the given geology, producing a more
critical situation.

Fs Range Critical slip surface coinciding
o[ 5 .
with steepest unreinforced

>12.68
. 11.42 granular slope

10.15

8.83

Fs = 0.034

Figure 3-3. Safety map for the unreinforced problem using Bishop’s analysis

Figure 3-5 shows the safety map employing a two-part wedge translational failure mechanism
combined with Spencer’s stability analysis. Slip surfaces along the interface with the foundation,
as well as along each reinforcement layer, are examined. The corresponding safety map implies
the following:

1. Fsfor the initially assumed reinforcement is 0.9, much lower than the acceptable value of
1.3. As can be seen, the critical slip surface propagates along the interface with the
foundation (top of residual soil), extending beyond all reinforcement layers and limited by
the bedrock.

2. The red zone signifies the range in which the safety factors are less than 1.3, i.e.,
unacceptable values. As seen, there are zones within each tier in which SF values are
unacceptable as they are still less than 1.3.

3. Clearly, the reinforcement for the top tier must be stronger. It also must be stronger for the
tiers below.
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4. While stronger reinforcement will improve stability against failures within the reinforced soil
zones in all four tiers, it will not resolve the problem of failure around the reinforcement.
Lengthening the reinforcement layers in the second and, perhaps, the third tier can solve this
problem as reinforcement layers intersect the critical two-part slip surface.

Fs Rangs: Center of Critical Circle
»3.29 W

. 318
297
276

- 255
234
213
1.92
1.71

- 1.50

1.29

L f<

s

|||| 1 Ih_

l"ﬁ

Fs=1.29

Figure 3-4. Safety map for the reinforced problem using Bishop’s analysis

The lesson from using the two-part wedge translational mechanism combined with the initially
assumed layout shows that one needs to increase both the strength and length of reinforcement.
The depth of the red zone in the safety map suggests the extent to which the reinforcement
should be lengthened; the existence of the red zone within the reinforced zone implies the need
for increase in reinforcement strength. One can now lengthen and strengthen the reinforcement
until the factor of safety is 1.3. Figure 3-6 shows the safety map employing three-part wedge
failure mechanism combined with Spencer’s stability analysis. Translational failure mechanisms
within the problematic zone, the foundation soil, are examined. The safety map implies that:

1. Fs for the initially assumed reinforcement is 0.7, much lower than the permissible value of
1.3. As can be seen, the critical slip surface propagates within the residual soil foundation,
extending beyond all layers and limited by the bedrock.

2. The red zone signifies the range in which the safety factors are less than 1.3, i.e.,
unacceptable values. As seen, there is one such zone extending between the rear of the
reinforcement and the bedrock as well as within the entire foundation soil zone.

3. The safety map implies that while increasing the strength of the reinforcement may narrow
the red zone, it is not likely to eliminate it altogether. Lengthening of the reinforcement in the
three upper tiers may help but not likely to render a safe and economical design.
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4. The safety map indicates that the residual soil creates a zone which decreases stability
significantly. A logical effective solution in this case could involve ground improvement
such as replacement of the residual soil before construction of the tiered system starts. This
will also increase the resistance to direct sliding failure depicted by the critical two-part
wedge in Figure 3-5.

Trace of Critical
2-Part Wedge

Figure 3-5. Safety map using Spencer’s two-part wedge translational surfaces

The safety map corresponding to the three-part wedge mechanism implies that replacing the
residual soil may produce a satisfactory solution. Recalculating the same problem but with
foundation soil that is the same as the reinforced one (i.e., ¢ = 34°; not shown) yields Fs = 1.26
(as compared to 1.3) for the three-part wedge (figure not provided), a nearly acceptable value.
The safety map shown in Figure 3-7 is a result of rerunning the problem for the two-part wedge
translational mechanism. As seen, the problem associated with the foundation soil is resolved
also for the two-part wedge (in fact, the safety factor along the foundation now is 1.37, see color
code). The red zones in which safety factors less than 1.3 are within the second, third, and fourth
tiers. These zones indicate that only a slight increase in reinforcement strength is needed; the
length is adequate. Such an increase in reinforcement strength in the three upper tiers should
produce a rather economical utilization of the reinforcement as the range of the safety factors
will be mainly between 1.3 and 1.5.

While an attempt to demonstrate the usefulness of the safety map in reinforced slope design is
presented, one realizes that using LE analysis, the aspects of ‘internal stability’ (i.e.,
reinforcement strength, pullout, and connection) as well as ‘external stability’ (i.e., sliding along
the reinforcement or along the foundation) are implicitly examined albeit globally. In fact,
compound stability as well as “‘bearing capacity’ (i.e., foundation or deep-seated failure) are
considered too while accounting for the given soil profile, and the layout and strength of the
reinforcement. Chapters 9 and 10 provide a framework for baseline solution so that the minimum
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required strength of reinforcement can be determined locally (as opposed to globally) within the
mass. It should supplement the global approach which has been demonstrated in the example
here. In fact, the framework in Chapters 9 and 10 use the safety map in ‘reverse’. It considers a
design Fs (=SF) that is constant for any circular surface within the reinforced mass by changing
iteratively the reinforcement strength required to render such constant Fs. That is, the long-term
strength of the reinforcement is not given but rather is computed so that Fs = constant anywhere
within the mass. It produces the baseline solution ensuring prescribed stability locally and, in its
final stage, globally.
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Figure 3-6. Safety map using three-part wedge surfaces
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Figure 3-7. Effects of replacing the foundation soil with select fill (two-part wedge)
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40 COMPARISON OF LE PREDICTIONS WITH PHYSICAL MODEL TESTS

There has been notable research attempting to verify the limit state of reinforced earth structures
using extensible reinforcement. However, reported work on limit state that deals with global
internal or compound failures of MSE walls reinforced with inextensible inclusions is scarce.

Physical modelling of MSE walls includes full-scale testing as well as small-scale modeling that
obey similitude laws (e.g., centrifuge modelling or use of material with heavier unit weight such
as done by Leshchinsky and Lambert, 1991). While small-scale models obeying similitude laws
could be simple to construct and relatively inexpensive, large scale testing is expensive and
usually suffers from practical limitations such as inducing failure and 3D effects that may affect
the results in relation to limit state and 2D LE analysis. For example, 3D effects increase stability
(i.e., decrease load in the reinforcement) possibly leading to unconservative conclusions when
dealing with 2D problems, as commonly considered in design (Zhang et al., 2014). Inducing a
limit state in a large scale structure is usually done by increasing a uniformly distributed
surcharge load acting on the crest. Such surcharge increases both pullout resistance and the
maximum load in the reinforcement, Tmax. This leads to a different evolution of failure for most
reinforced earth structures as typically the predominant factor in failure is the self-weight of the
reinforced backfill (i.e., gravity). Furthermore, significant soil suction (e.g., Yoo and Jung, 2007,
Yoo, 2013; Kim and Borden, 2013) could complicate interpretation of data as it creates apparent
cohesion; see Ling et al. (2009) to realize values of apparent cohesion in sand and its impact on
stability of steep slopes. It is objectively difficult to conduct flawless large scale tests at a limit
state.

4.1 Extensible Reinforcement

A 2(v):1(h) geogrid reinforced slope/wall, termed here as the Norwegian ‘wall’, was
instrumented and tested by Fannin and Hermann (1990), as illustrated in Figure 4-1. Note that
the drawing also shows a 2(v):1(h) upper slope which was termed by Fannin and Hermann
(1990) as permanent berm surcharge. A literature survey identified a follow-up publication,
Fannin (2001), where it is stated that the berm surcharge was indeed 2(v):1(h) but it does not
detail the offset of this berm; however, a photo in Fannin (2001) shows a small offset, probably
in the order of two feet. Through personal communications with Fannin, an approximately two
feet offset was confirmed as reasonable. It was also confirmed that the upper steep slope was
reinforced by biaxial geogrid; however, the exact layout of the reinforcement in the berm
surcharge could not be recalled. Technically, per FHWA or AASHTO classification, the
structure in Figure 4-1 is a two-tier ‘slope’ as its inclination is 63.4° (<70°). As a facing, a wire
grid was used. The reported moist unit weight () was 108 pcf and the plane strain residual
strength friction (¢ps-residual) Was 38°. Loads in the geogrid were measured using specially devised
metallic load cells.

The two-tier problem was analyzed using Bishop LE method. The peak strength was assumed to
be 42° to 43° based on common differences between peak and residual strength reported in the
literature (e.g., Lee and Seed, 1967, Bolton, 1986). Coincidentally, testing and analysis of
exhumed materials from the Norwegian site was conducted at the University of British Columbia
25 years after its construction. A report on the testing (Quinteros, 2014) concludes that the
mobilized friction angle (i.e., suitable for LE analysis of the Norwegian wall with a horizontal
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crest) is 41+1°. This is close to the assumed peak plane strain value of 42° to 43° for a
surcharged reinforced slope. Figure 4-2 shows the results of a sensitivity analysis on the effects
of ¢ and offset on the critical slip circles while ignoring possible reinforcement of the upper tier
as well as excluding potential slip surfaces emerging at the face of the upper tier. The critical
circles shown are for LE state using program ReSSA (3.0) seeking the geogrid tensile force for
Fs=1.0. Note in Figure 4-2 that for the offsets and soil strengths used, the critical Bishop circle
tends to intercept only primary reinforcement layers. Also, the trace of the critical slip surface
relative to the reinforcement layers is not sensitive considering the parameters used. Moreover,
for large offsets, the critical circle is relatively shallow in the upper tier thus is likely to be
affected by reinforcement in the lightly-reinforced upper tier. In fact, Figure 4-2 implies a
difficulty in representing the upper tier as ‘pure’ surcharge load as often done in practice. That is,
the slip circle propagating through the upper tier mobilizes soil resistance, an aspect ignored if
one replaces that tier by simple surcharge; i.e., surcharge is a conservative approximation as soil
resistance is ignored. Conversely, the mass of the sliding portion in the upper tier could be larger
than reflected by simple uniform surcharge implying that the driving load could be larger; i.e.,
surcharge is unconservative approximation. LE analysis avoids the dilemma often associated
with approximation that could be conservative or unconservative.

v = 108 pcf
¢ps_residual = 38° 2 9.8 ft.
Offset — / L
A 8@ 1.97 ft.
2 =15.7 ft.

Figure 4-1. The Norwegian wall: geometry and geogrid layout (Fannin and Hermann,
1990)
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Figure 4-2. The Norwegian wall: traces of critical slip circles considering the impact of soil
strength and offset

Figure 4-3 compares the measured and predicted max(Tmax). The left figure corresponds to
Figure 4-2; it shows the large impact ¢ and offset have. However, it ignores the reinforcement
(albeit weak) in the upper tier. The figure on the right uses an offset of two feet showing the
effects of assumed length of reinforcement, L, of five to seven feet in the upper tier, placed at a
vertical spacing of two feet (see inset). For all ¢ and L values used in this figure, the trace of the
critical slip circle goes around the reinforcements in the upper tier (see inset) thus making it
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needed to stabilize the upper berm only, not affecting max(Tmax) in the lower tier. That is, even
weak but short reinforcement in the upper tier will “push’ the critical circle deeper, around it.
For $=43°, the calculated max(Tmax) is about 45% larger than measured if L=5 feet and about
10% larger for L=7 feet. For ¢$=42°, the calculated max(Tmax) is about 70% larger than measured
if L=5 feet and about 45% larger for L=7 feet. While the predictions by LE using Bishop’s
analysis are conservative relative to reported measured values, the deviations are deemed
reasonable when peak soil strength is used, especially when considering the complexity of the
reported tiered problem.

It can be argued that the Norwegian wall was not in a LE state. The work by Quinteros (2014)
implies that the mobilized soil strength, 41+1°, for the horizontal crest case is close to the
assumed plane strain peak strength. For the two-tier system, Fannin and Hermann (1990) report
noticeable increase in reinforcement loads implying that the mobilization of soil strength was
even ‘closer’ to peak strength. Experience indicates that when an ‘active’ state develops (i.e., soil
strength is mobilized), external geometrical deformations are hardly visible (Leshchinsky et al.
2009), the same as in conventional retaining walls. Hence, the Norwegian case is considered
relevant for LE comparisons. It is assumed in back-calculations that apparent cohesion due to
suction was negligible in the Norwegian wall. However, if there was some viable apparent
cohesion, the LE verification could be considered unconservative. While a field large-scale test
is insightful, there are objective uncertainties associated with it (e.g., seasonal changes in
properties of the soil mass, within different zones of the soil mass, such as unit weight, moisture
content/saturation level, and shear strength) even if the field tested structure is well-instrumented
and well-executed. Due to uncertainties, interpretation of field tests requires an idealization as
does “theoretical’ analysis such as LE, LA, FE, or FD.

Zornberg et al. (1998) report the results of centrifugal tests on dry sand that was placed by
pluviation (i.e., there was no apparent cohesion due to moisture). Geotextile meeting centrifugal
similitude modeling requirements was used; acceleration was increased until collapse occurred
(Figure 4-4). The tested 2(v):1(h) slope/wall had wrapped face; the re-embedded tails of the
geotextile can be considered as secondary layers.
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Figure 4-3. The Norwegian wall: (a) loads as function of ¢ and offsets and (b) loads as
function of ¢ and reinforcement length in upper tier

Figure 4-4. Failed geotextile-reinforced slope/wall in centrifuge modeling (courtesy Prof.
Zornberg)

Figure 4-5 shows the general layout of reinforcement in the model tested by Zornberg et al.
(1998). Figure 4-6 (left) shows the dimensions of the prototype corresponding to the centrifugal
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model at failure. Using the LE methodology in Chapter 9 (but with log spiral method),

Figure 4-6 (right) shows the locus of predicted and measured location of Tmax-i. The exact locus
of Tmax-i Is rather insensitive in the LE calculations and hence, the agreement is considered good.
The computed Tmax-i in the prototype was 654 Ib/ft; the ultimate strength of the geotextile in the
prototype as reported by Zornberg et al. (1998) was 662 Ib/ft. Clearly, the calculated locus of
Tmax-i and the actual values Tmax-i, both relevant to design, calculated using peak plane strain
$=39.5° (Figure 4-6), are in as good of an agreement as one can expect.

Wrapped Reinforcement

facing %

£ 1 /]
£ 2 |7 /
0
N
N
]
= =
L=203 mm
Figure 4-5. General layout and dimensions of tested centrifugal models (after Zornberg et
al., 1998)
I
Secondary layers jPﬂ'ﬂal’Y — 15
02m3 : 9.54 kN/M
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Figure 4-6. Prototype at failure deduced from centrifugal model test (left) and predicted
and measured locus of Tmax-i (right)

Mohamed et al. (2013) used centrifugal models to study the stability of two-tiered walls with
different offsets (Figure 4-7). Geotextile reinforcement and poorly graded sand with a peak plane
strain friction angle of 42.3° were used. For analysis, the Spencer method, combined with
general shaped slip surface (i.e., not a predetermined slip surface geometry), was employed using

23



the program Slide. The analysis sought Tmax at failure as well as the trace of the critical slip
surface.

580 mm

820 mm

Figure 4-7. Configuration of centrifuge tiered wall model (after Mohamed et al., 2013)

For their layout of reinforcement, Mohamed et al. (2013) suggested to use in LE analysis
uniform Tmax With depth. Such distribution is commonly used in LE analysis including FHWA
(Berg et al., 2009) when dealing with reinforced slopes. Note that the baseline solution produced
in the LE design framework in Chapters 9 and 10 (as well as the distributions in Figure 4-6)
Tmax-i are the spatial strength required for a limit state; its peak values might be uniform with
depth depending on factors such as the reinforcement layout. Furthermore, the reported location
of the critical noncircular failure surface predicted by their LE analysis agreed well with the
actual locations of the failure surfaces observed experimentally. It is noted that the reported
traces of critical noncircular traces of slip surfaces are not very different from circular ones. It is
likely that circular surfaces would have rendered only a slightly less critical Tmax values. Their
conclusions are in agreement with Leshchinsky and Han (2004) work that compared LE and FD
(FLAC) for tiered walls. In fact, in a follow-up paper by Mohamed et al. (2014), a comparison
with FE analysis (Plaxis) was conducted, showing good agreement with the LE analysis they
used; the findings of this follow-up paper are discussed in the Chapter 5.

Yang, Gupta, and Zornberg (2009) studied the stability of a geosynthetic reinforced wall within a
narrow space. They conducted centrifugal tests and compared the results to LE analysis. Spencer
method with noncircular slip surface (program UTEXAS4) was used. Several centrifugal tests
were conducted with increasingly limited space. The agreement between predicted slip surfaces
and measured one was good in all cases. Figure 4-8 is just one example.
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Figure 4-8. LE predicted slip surface vs. observed from centrifugal test (after Yang et al.,
2009)

An indication about the agreement Tmax Or pullout, whichever is smaller for each layer, can be
realized in Figure 4-9. As can be seen, the predicted acceleration (analogous to prototype’s wall
height) by LE versus the measured value is close.
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Figure 4-9. LE predicted failure acceleration vs. measured value (after Yang et al., 2009)
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Yang et al. (2013) compared LE and FE analyses with an RMC wall (Bathurst et al. 2006) as
illustrated in Figure 4-10. Comparisons with measured Tmax Values were made under different
uniform surcharge loads.

surcharge

i 0=E llllllllllllllllllllllllll
. retained soil
€ [—3.1
E /—_IL reinforcement layer
8 25
|
219 4
= reinforced soil / I 0.6m
213 3
i clamp /
= 07 2

- /j'/ 0.1 m levellinglayer

Ry

< 5.65m

Figure 4-10. Cross-section of wrapped-face RMC test wall (after Bathurst et al., 2006)

Circular arc combined with Bishop’s stability analysis (program STEDwin) and ¢=42° were
used. With constant Tmax for all layers, the location of the locus of Tmax was nearly linear,
agreeing well with the LE predicted slip surface. While this reference includes many
comparisons (most are not relevant for this work), it is interesting to show the comparison in
Figure 4-11. When the surcharge is zero, the agreement between Tmax from LE and the measured
maX(Tmax) IS good. In fact, within a range of typical surcharge loads, the agreement is still
reasonably good. It is noted that the main significance of max(Tmax) is that it is typically used to
select the required reinforcement long term strength.
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FHWA wall at Algonquin was analyzed by Leshchinsky et al. (2014) using LE and data reported
by Allen and Bathurst (2001), superseded by Allen and Bathurst (2003), as illustrated in

Figure 4-12. This wall had relatively large facing blocks (2—ft thick). Studies by Huang et al.,
(2010), and Leshchinsky and Vahedifard (2012) indicate that toe resistance along its interface
with the foundation could be substantial. No measured data regarding this resistance was
reported for the Algonquin wall. Hence, three values of interface friction between the leveling
pad and the foundation soil, 3s-f, were assumed: 0°, 30°, and 43°. Computed results using the LE
framework (with log spiral analysis) are shown in Figure 4-13. Figure 4-13a shows that for the
case of horizontal crest, the measured Tmax-i reasonably corresponded to op- between 30° and 43°
although with some scatter. Figure 4-13b shows Tmax-i for the backslope surcharge. Similar to the
case of the horizontal crest, the measured Tmax-i reasonably corresponds to - between 30° and
43°. Accurate comparisons in this case history are not warranted as the available data about toe
resistance can only be speculated. The main value of this example is in demonstrating the impact
of toe resistance, an aspect that is ignored in design and in most LE analyses (i.e., 8o iS assumed
as zero). While toe resistance adds to structural redundancy, it also poses a problem in
interpreting much of the existing field data, regardless whether the wall is at working load
conditions or near collapse.
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Figure 4-12. Section of FHWA wall (reproduced after Allen and Bathurst, 2001)
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Figure 4-13. FHWA wall: (a) Flat and (b) backsloped crest (Leshchinsky et al., 2014)

4.1.1 Concluding Remarks

Not all reported cases in the literature that compare LE with the performance of physical models
of MSE structures are summarized here. However, the summarized cases are based on modelling
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that is deemed meaningful in terms of both experimental and analytical (i.e., LE) aspects. It is
clear that for wrapped face MSE structures, whether a reinforced steep slope or wall, LE exhibits
good agreement with tested physical models. This agreement is in terms of both predicted critical
slip surface and strength of ductile/extensible reinforcement. It demonstrates that correct LE
analysis for reinforced soil structures is simply a subset of slope stability analysis, commonly
used in design of geotechnical structures. However, combined factors such as toe resistance,
apparent cohesion, and underestimation of soil strength (using $=34° rather than, say, 50°) may
increase stability by 2 times or more. When any of these factors exists, the required
reinforcement strength for limit state could be about half or less the value predicted by LE.
Current practice does not take advantage of toe resistance, ignores apparent cohesion, and limits
frictional strength to 40°. However, LE methodology can readily be applied in cases where these
restrictions are relaxed. Such inclusion would provide a useful tool for forensic studies as well as
be instructive for designers.

4.2 Inextensible Reinforcement

It seems that little work exploring limit state, as related to global slip surfaces, has been done on
MSE wall reinforced with inextensible, axially stiff material. It appears that in practice
(Anderson et al., 2012) the reinforced soil mass may be modelled as a block, using a high
cohesion value and forcing critical failure surfaces to be outside the structure. For example, they
suggest that the reinforced soil mass can be represented by $=34° and ¢=1460 psf in
conventional global LE analysis.

A major difficulty in conducting limit state analysis through the reinforced mass is the possible
incompatibility between soil and inextensible, stiff metal (“brittle’ relative to soil) leading to
difficulty in selecting adequate strength of the soil for use in LE analysis. This is not a trivial
problem and good experimental work could shed light on proper strength selection. Rupture of
reinforcement before the soil mobilizes its strength could happen leading to structural collapse.
Since usually inextensible reinforcement is relatively strong and carries high loads, LE for low
coverage ratio, R¢, will typically indicate that slip surfaces will mobilize mainly the pullout
resistance of the reinforcement, an aspect that is in agreement with LE analysis. However, this
observation must be first substantiated experimentally. It is interesting to note that there are some
papers dealing with limit state using physical and analytical modelling of soil nail reinforcement;
e.g., Jacobsz (2013). However, such walls are designed and built differently than MSE walls.

Based on the review in this chapter, the design framework in this report is restricted to
geosynthetic (extensible) reinforcement. Future research should indicate whether and its scope
can be extended to include metallic (inextensible reinforcement).
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50 COMPARISON OF LE PREDICTIONS WITH FE/FD RESULTS

Numerous publications reported comparisons of predictions by LE and numerical analysis,
mainly for unreinforced slopes. There are quite a few papers on the subject for extensible
reinforcement. While a considerable amount of numerical comparative work was conducted on
MSE walls with inextensible reinforcement, very little was done in a way relevant to limit state
or global stability as implied by LE.

Numerical analysis (FE/FD) is based on continuum mechanics. Such analysis of geotechnical
structures produces much information, some of which is ignored in design. The proposed
Strength Reduction Method, SRM, by Zeinkiewicz et al. (1975) made it possible to consider limit
state in FE/FD analysis in a format with which geotechnical engineers are familiar; i.e., it can
produce the conventional factor of safety on soil strength, Fs. In the strength reduction
technique, a series of trial factors of safety are used to adjust the actual cohesion, c, and the
internal angle of friction,¢, of the soils as follows:

Ctrial =C/FStrial (5.1a)
drial = arctan[tan(d)/Fstrial] (5.1b)

The adjusted strength parameters of soil layers are used in the analysis iteratively, satisfying
boundary conditions and equilibrium anywhere within the continuum. The strength reduction
values change by increments until the adjusted cohesion and friction angle render the soil
structure unstable, being on the verge of failure. The amount of strength reduction needed to
reach this ‘numerically’ unstable state is, by definition, the same factor of safety as in LE
analysis; i.e., it signifies the margin of safety against collapse of a structure. Producing Fs
reduces the FE/FD complete solution into a singular useful number in the context of limit state
design. FE/FD can consider dissimilar materials utilizing constitutive laws of the various
elements involved while following the principles of mechanics. It is another tool, a very
instructive one, which could be useful, especially in complex problems and where accurate data
is available. Today’s user friendly FE/FD software combined with affordable cost made it
popular, especially amongst researchers.

The geometry of the critical surface in FE/FD is not postulated as typically done in LE. It is
difficult in FE/FD to determine the safety factor along surfaces other than the critical one which
may be less critical than the SRM solution but still require consideration for good engineering
practice (Cheng et al., 2007). Perhaps future implementation of the safety map may resolve this
limitation when it comes to reinforced soil design.

5.1 Extensible Reinforcement

Leshchinsky and Han (2004) studied the stability of geosynthetic reinforced multitiered walls.
They used FD (program FLAC) and compared the results with LE (program ReSSA) using
Bishop’s analysis as well as Spencer’s for 2-part and 3-part wedges. The reinforcement strength
was taken as uniform at each elevation unless pullout resistance at the intersection with the
analyzed surface was smaller (i.e., conventional approach in reinforced slope stability analysis).
The parametric study included elements such as the impact of offset, reinforcement length,
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strength and stiffness, surcharge, and water. Wrapped facing was considered. For each case the
reinforcement strength was selected so that Fs=1.0 in LE. Using this strength, FD analysis of the
problem then was conducted comparing the resulting Fs and its associated failure surface. For
most cases the resulting Fs in FD was within 2% of that obtained in LE.

Figure 5-1 shows the critical Bishop’s circle for LE and the spatial distribution of the safety
factor. It also shows the FD maximum shear zone (which implies the location of the slip surface).
As seen, both Fs values and the failure zone are very close.
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Figure 5-1. (a) Safety map and Bishop critical slip circle (Fs=1.00). (b) Maximum shear
zone using FLAC (Fs=0.98) (Leshchinsky and Han, 2004)

Figure 5-2 shows a foundation failure. Here the largest deviation of Fs was observed, about 6%,
and the traces of the failure zones are quite close. It is likely that a multi-polygonal surface
combined with Spencer would have reduced Fs slightly; however, such a difference for low Fs is
practically insignificant. Note that the figure showing Spencer’s 3-part wedge includes the trace
of the critical slip surface and its corresponding line of thrust. This thrust line shows the location
where interslice force resultants are acting indicating the reasonableness of the static solution.
For the analyzed problem the line of thrust is considered reasonable. The use of LE to assess
foundation stability instead of classical bearing capacity for rigid footing is discussed in Chapter
10. It can be stated that adequate LE stability analysis would identify the most critical
mechanism for a given problem without a priori assuming that it must initiate at the rear end of
the bottom reinforced soil zone as implicitly assumed in traditional bearing capacity for MSE
structures. In-depth discussion on traditional bearing capacity of MSE walls versus LE/LA is
given by Leshchinsky et al., (2012).
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Figure 5-2. (a) Bearing capacity using Spencer 3-part wedge (Fs=0.92). (b) Shear zone for
bearing failure using FLAC (Fs=0.86) (Leshchinsky and Han, 2004)

It is interesting to note that Leshchinsky and Han (2004) changed the reinforcement stiffness to
represent that of metals. The LE predictions were still close, suggesting that the problem of
incompatible materials in terms of stiffness may not be an issue when using LE. However, as
discussed earlier, it could be an issue when the metallic reinforcement ruptures before the soil
mobilizes its strength, which was not considered in their study. Potential rupture possibility may
require a strain-based selection of strengths as noted in Section 1.1.

Mohamed et al. (2014) compared FE (Plaxis), LE using Spencer noncircular slip surface
(program Slide), and centrifugal models considering two-tiered walls. Figure 5-3 shows one
typical case where the predicted failure surfaces by FE and LE were close to each other as well
as the surface inferred from tested centrifugal model. Figure 5-4 shows the mobilized tensile
force in the reinforcement at various elevations as well as the trace of the failure surface
predicted by LE. The mobilized force is approximately uniform with height, agreeing with the
common approach used in global LE.
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Figure 5-3. Slip surfaces predicted by FE and LE versus the location of ruptured
geotextiles (after Mohamed et al., 2014)

Mohamed et al., 2014, conclude that excellent agreement was obtained among the centrifuge
models, FE, and LE in locating the failure surface. The calculated max(Tmax) values obtained
from FE analyses agreed with the results obtained from the LE, assuming uniform distribution of
reinforcement with height; i.e., the distribution used in conventional global LE of reinforced
slopes.
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Figure 5-4. Mobilized tensile load (FE) at various accelerations and location of failure
surface predicted by LE (after Mohamed et al., 2014)

Yang et al. (2013) compared FE (program Plaxis) and LE (Bishop using STEDwin) considering
the tested RMC wall (Figure 4-10; Bathurst et al. 2006). Figure 5-5 shows the summation of
Tmax, 2. Tmax, Versus the uniform surcharge applied on this wall (reported experimental results are
for zero and 1671 psf surcharge load). Yang et al. (2013) suggested that some ‘facing’ effects
could have played a role and, therefore, arbitrarily represented a facing as a cohesive soil layer
having an assumed cohesion of 210 psf. See Figure 5-6 for the impact of facing (or cohesion)
when compared to FE predictions. Yang et al. (2013) conclude that their study “... demonstrated
that the modeling of facing stiffness in the LE analysis can improve the prediction of Tmax.” The
RMC wall in this case was a wrapped face and therefore one may ask what facing stiffness such
a system has. Since there was no physical facing, presentation of the experimental data as done
by Yang et al. (2013) is not relevant in the context of this report; however, a comparison
between FE (albeit with imaginary ‘facing’) and LE with and without ‘facing.” Without
speculation about the RMC wall, the FE analysis, not the experimental work, demonstrates the
effect of 210 psf cohesion in lieu of “facing’. It produces similar results to LE with the same
cohesion as facing.
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Figure 5-5. Sum of Tmax versus the uniform surcharge on RMC wall (after Yang et al.,
2013)

Han and Leshchinsky (2010) studied the stability of back-to-back walls using FD (program
FLAC) and LE (program ReSSA with Bishop circular arc). To eliminate facing effects (as done
in current design) as well avoid numerical difficulties associated with the FD analysis, they
represented the facings as high cohesion soil so as to exclude from consideration slip surfaces
emerging through the face; i.e., forcing toe failures. Figure 5-6 shows that for given allowable
reinforcement and soil strengths, an increase in facing cohesion results in an asymptotic Fs. That
is, the slip surface then is forced to emerge at a weak zone having zero cohesion and same
friction as the soil; this zone was the lowest elevation of a facing unit<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>