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Abutments, Retaining
Chapter 15 Walls, and Reinforced Slopes

15.1 Introduction and Design Standards

Abutments for bridges have components of both foundation design and wall
design. This chapter addresses the earth pressures acting on the abutments
as well as retaining walls and reinforced slopes. Retaining walls and
reinforced slopes are typically included in projects to minimize construction
in wetlands, to widen existing facilities, and to minimize the amount of right
of way needed in urban environments. Projects modifying existing facilities
often need to modify or replace existing retaining walls or widen abutments
for bridges.

Retaining walls and reinforced slopes have many benefits associated with
their use. Unfortunately, there also tends to be confusion regarding when they
should be incorporated into a project, what types are appropriate, how they
are designed, who designs them, and how they are constructed. The roles and
responsibilities of the various WSDOT offices and those of the Department’s
consultants further confuse the issue of retaining walls and reinforced slopes,
as many of the roles and responsibilities overlap or change depending on

the wall type. All abutments, retaining walls, and reinforced slopes within
WSDOT Right of Way or whose construction is administered by WSDOT
shall be designed in accordance with the WSDOT Geotechnical Design
Manual (GDM) and the following documents:

* WSDOT Bridge Design Manual M 23-50
* WSDOT Design Manual M 22-01
* AASHTO LRFD Bridge Design Specifications, U.S.

The most current versions or editions of the above referenced manuals
including all interims or design memoranda modifying the manuals shall be
used. In the case of conflict or discrepancy between manuals, the following
hierarchy shall be used: Those manuals listed first shall supercede those listed
below in the list.

The following manuals provide additional design and construction
guidance for retaining walls and reinforced slopes and should be considered
supplementary to the WSDOT GDM and the manuals and design
specifications listed above:

* Lazarte, C. A., Elias, V., Espinoza, R. D., Sabatini, P. J., 2003.
Geotechnical Engineering Circular No. 7, Soil Nail Walls, U.S.

Department of Transportation, Federal Highway Administration,
FHWA-IF-03-017, 305 pp.
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* Porterfield, J. A., Cotton, D. A., Byrne, R. J., 1994, Soil Nail
Walls-Demonstration Project 103, Soil Nailing Field Inspectors Manual,
U.S. Department of Transportation, Federal Highway Administration,
FHWA-SA-93-068, 86 pp.

e Samtani, N. C., and Nowatzki, E. A., 2006, Soils and Foundations,
Reference Manual-Volumes I & II, Washington, DC, National Highway
Institute Publication, FHWA-NHI-06-088/089, Federal Highway
Administration.

* Berg, R. R., Christopher, B. R., and Samtani, N. C., 2009, Design
of Mechanically Stabilized Earth Walls and Reinforced Slopes, No.
FHWA-NHI-10-024, Federal Highway Administration, 306 pp.

e Sabatini, P. J., Pass, D. G., and Bachus, R. C., 1999, Geotechnical
Engineering Circular No. 4, Ground Anchors and Anchored Systems,
FHWA-IF-99-015, 281 pp.

15.2 Overview of Wall Classifications and Design Process for Walls

The various walls and wall systems can be categorized based on how they are
incorporated into construction contracts. Standard Walls comprise the first
category and are the easiest to implement. Standard walls are those walls for
which standard designs are provided in the WSDOT Standard Plans. The
internal stability design and the external stability design for overturning and
sliding stability have already been addressed in the Standard Plan wall design,
and bearing resistance, settlement, and overall stability must be determined
for each standard-design wall location by the geotechnical designer. All other
walls are nonstandard, as they are not included in the Standard Plans.

Nonstandard walls may be further subdivided into proprietary or
nonproprietary. Nonstandard, proprietary walls are patented or trademarked
wall systems designed and marketed by a wall manufacturer. The wall
manufacturer is responsible for internal and external stability, except bearing
resistance, settlement, and overall slope stability, which are determined by the
geotechnical designer. Nonstandard, nonproprietary walls are not patented or
trade marked wall systems. However, they may contain proprietary elements.
An example of this would be a gabion basket wall. The gabion baskets
themselves are a proprietary item. However, the gabion manufacturer provides
gabions to a consumer, but does not provide a designed wall. It is up to the
consumer to design the wall and determine the stable stacking arrangement of
the gabion baskets. Nonstandard, nonproprietary walls are fully designed by
the geotechnical designer and, if structural design is required, by the structural
designer. Reinforced slopes are similar to nonstandard, nonproprietary walls in
that the geotechnical designer is responsible for the design, but the reinforcing
may be a proprietary item.
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A number of proprietary wall systems have been extensively reviewed by the
Bridge and Structures Office and the HQ Geotechnical Division. This review
has resulted in WSDOT preapproving some proprietary wall systems. The
design procedures and wall details for these preapproved wall systems have
been agreed upon between WSDOT and the proprietary wall manufacturers.
This allows the manufacturers to competitively bid a particular project
without having a detailed wall design provided in the contract plans. Note that
proprietary wall manufacturers may produce several retaining wall options,
and not all options from a given manufacturer have been preapproved. The
Bridge and Structures Office shall be contacted to obtain the current listing
of preapproved proprietary systems prior to including such systems in
WSDOT projects. A listing of the preapproved wall systems, as of the current
publication date for this manual, is provided in WSDOT GDM Appendix
15-D. Specific preapproved details and system specific design requirements
for each wall system are also included as appendices to WSDOT GDM
Chapter 15. Incorporation of nonpreapproved systems requires the wall
supplier to completely design the wall prior to advertisement for construction.
All of the manufacturer’s plans and details would need to be incorporated into
the contract documents. Several manufacturers may need to be contacted to
maintain competitive bidding. More information is available in Chapters 610
and 730 of the WSDOT Design Manual M 22-01.

If it is desired to use a non-preapproved proprietary retaining wall or
reinforced slope system, review and approval for use of the wall or slope
system on WSDOT projects shall be based on the submittal requirements
provided in WSDOT GDM Appendix 15-C. The wall or reinforced slope
system, and its design and construction, shall meet the requirements provided
in this manual, including WSDOT GDM Appendix 15-A. For Mechnically
Stabilized Earth (MSE) walls, the wall supplier shall demonstrate in the wall
submittal that the proposed wall system can meet the facing performance
tolerances provided in WSDOT GDM Appendix 15-A through calculation,
construction technique, and actual measured full scale performance of the wall
system proposed.

Note that MSE walls are termed Structural Earth (SE) walls in the WSDOT
Standard Specifications for Road, Bridge, and Municipal Construction

M 41-10 and associated General Special Provisions (GSP’s). In the general
literature, MSE walls are also termed reinforced soil walls. In this GDM, the
term “MSE” is used to refer to this type of wall.
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15.3 Required Information
15.3.1 Site Data and Permits

The WSDOT Design Manual discusses site data and permits required for
design and construction. In addition, Chapters 610 and 730 provide specific
information relating to geotechnical work and retaining walls.

15.3.2 Geotechnical Data Needed for Retaining Wall and Reinforced Slope Design

The project requirements, site, and subsurface conditions should be analyzed
to determine the type and quantity of information to be developed during the
geotechnical investigation. It is necessary to:

* Identify areas of concern, risk, or potential variability in subsurface
conditions

» Develop likely sequence and phases of construction as they may affect
retaining wall and reinforced slope selection

* Identify design and constructability requirements or issues such as:

- Surcharge loads from adjacent structures - Easements

- Backslope and toe slope geometries - Excavation limits

- Right of way restrictions - Wetlands

- Materials sources - Construction Staging

* Identify performance criteria such as:
- Tolerable settlements for the retaining walls and reinforced slopes
- Tolerable settlements of structures or property being retained
- Impact of construction on adjacent structures or property

- Long-term maintenance needs and access

* Identify engineering analyses to be performed:
- Bearing resistance - Global stability
- Settlement - Internal stability
* Identify engineering properties and parameters required for these analyses
* Identify the number of tests/samples needed to estimate engineering
properties

Table 15-1 provides a summary of information needs and testing
considerations for retaining walls and reinforced slope design.
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WSDOT GDM Chapter 5 covers requirements for how the results from the
field investigation, the field testing, and laboratory testing are to be used

to establish properties for design. The specific tests and field investigation
requirements needed for foundation design are described in the following
sections.

15.3.3 Site Reconnaissance

For each abutment, retaining wall, and reinforced slope, the geotechnical
designer should perform a site review and field reconnaissance. The
geotechnical designer should be looking for specific site conditions that
could influence design, construction, and performance of the retaining walls
and reinforced slopes on the project. This type of review is best performed
once survey data has been collected for the site and digital terrain models,
cross-sections, and preliminary wall profiles have been generated by the
civil engineer (e.g., region project engineer). In addition, the geotechnical
designer should have access to detailed plan views showing existing site
features, utilities, proposed construction, and right or way limits. With this
information, the geotechnical designer can review the wall/slope locations
making sure that survey information agrees reasonably well with observed
site topography. The geotechnical designer should observe where utilities

are located, as they will influence where field exploration can occur and they
may affect design or constructability. The geotechnical designer should look
for indications of soft soils or unstable ground. Items such as hummocky
topography, seeps or springs, pistol butted trees, and scarps, either old or
new, need to be investigated further. Vegetative indicators such as equisetum
(horsetails), cat tails, black berry, or alder can be used to identify soils that are
wet or unstable. A lack of vegetation can also be an indicator of recent slope
movement. In addition to performing a basic assessment of site conditions, the
geotechnical designer should also be looking for existing features that could
influence design and construction such as nearby structures, surcharge loads,
and steep back or toe slopes. This early in design, it is easy to overlook items
such as construction access, materials sources, and limits of excavation. The
geotechnical designer needs to be cognizant of these issues and should be
identifying access and excavation issues early, as they can affect permits and
may dictate what wall type may or may not be used.

15.3.4 Field Exploration Requirements

A soil investigation and geotechnical reconnaissance is critical for the design
of all abutments, retaining walls, or reinforced slopes. The stability of the
underlying soils, their potential to settle under the imposed loads, the usability
of any existing excavated soils for wall/reinforced slope backfill, and the
location of the ground water table are determined through the geotechnical
investigation. All abutments, retaining, walls and reinforced slopes regardless
of their height require an investigation of the underlying soil/rock that
supports the structure. Abutments shall be investigated like other bridge piers
in accordance with WSDOT GDM Chapter 8.
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Chapter 15 Abutments, Retaining Walls, and Reinforced Slopes

Retaining walls and reinforced slopes that are equal to or less than 10 feet in
exposed height as measured vertically from wall bottom to top or from slope
toe to crest, as shown in Figure 15-1, shall be investigated in accordance with
this manual. For all retaining walls and reinforced slopes greater than 10 feet
in exposed height, the field exploration shall be completed in accordance with
the AASHTO LRFD Bridge Design Specifications and this manual.

™ -

WALL SLOPE

Exposed Height (H) for a Retaining Wall or Slope
Figure 15-1

Explorations consisting of geotechnical borings, test pits, hand holes, or

a combination thereof shall be performed at each wall or slope location.
Geophysical testing may be used to supplement the subsurface exploration
and reduce the requirements for borings. If the geophysical testing is done as
a first phase in the exploration program, it can also be used to help develop
the detailed plan for second phase exploration. As a minimum, the subsurface
exploration and testing program should obtain information to analyze
foundation stability and settlement with respect to:

* Geological formation(s)
* Location and thickness of soil and rock units

* Engineering properties of soil and rock units, such as unit weight, shear
strength and compressibility

* Ground water conditions
* Ground surface topography

* Local considerations, (e.g., liquefiable, expansive or dispersive soil
deposits, underground voids from solution weathering or mining activity,
or slope instability potential)

In areas underlain by heterogeneous soil deposits and/or rock formations, it
will probably be necessary to perform more investigation to capture variations
in soil and/or rock type and to assess consistency across the site area. In a
laterally homogeneous area, drilling or advancing a large number of borings
may be redundant, since each sample tested would exhibit similar engineering
properties. In all cases, it is necessary to understand how the design and
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15.3.4.1

construction of the geotechnical feature will affect the soil and/or rock mass
in order to optimize the exploration. The following minimum guidelines for
frequency and depth of exploration shall be used. Additional exploration
may be required depending on the variability in site conditions, wall/slope
geometry, wall/slope type, and the consequences should a failure occur.

Exploration Type, Depth, and Spacing

Generally, walls 10 feet or less in height, constructed over average to good
soil conditions (e.g., non-liquefiable, medium dense to very dense sand, silt
or gravel, with no signs of previous instability) will require only a basic level
of site investigation. A geologic site reconnaissance (see WSDOT GDM
Chapter 2), combined with widely spaced test pits, hand holes, or a few
shallow borings to verify field observations and the anticipated site geology
may be sufficient, especially if the geology of the area is well known, or if
there is some prior experience in the area.

The geotechnical designer should investigate to a depth below bottom

of wall or reinforced slope at least to a depth where stress increase due

to estimated foundation load is less than 10% of the existing effective
overburden stress and between 1 and 2 times the exposed height of the wall
or slope. Exploration depth should be great enough to fully penetrate soft
highly compressible soils (e.g. peat, organic silt, soft fine grained soils) into
competent material of suitable bearing capacity (e.g., stiff to hard cohesive
soil, compact dense cohesionless soil, or bedrock). Hand holes and test pits
should be used only where medium dense to dense granular soil conditions
are expected to be encountered within limits that can be reasonably explored
using these methods, approximately 10 feet for hand holes and 15 feet for test
pits, and that based on the site geology there is little risk of an unstable soft or
weak layer being present that could affect wall stability.

For retaining walls and reinforced slopes less than 100 feet in length, the
exploration should occur approximately midpoint along the alignment or
where the maximum height occurs. Explorations should be completed on the
alignment of the wall face or approximately midpoint along the reinforced
slope, i.e. where the height, as defined in Figure 15-1, is 0.5H. Additional
borings to investigate the toe slope for walls or the toe catch for reinforced
slopes may be required to assess overall stability issues.

For retaining walls and slopes more than 100 feet in length, exploration points
should be spaced no more than 500 feet in uniform, dense soil conditions

and should be spaced at 100 to 200 ft in typical soil conditions. Even closer
spacing should be used in highly variable and potentially unstable soil
conditions. Where possible, locate at least one boring where the maximum
height occurs. Explorations should be completed on the alignment of the

wall face or approximately midpoint along the reinforced slope, i.e. where

the height is 0.5H. Additional borings to investigate the toe slope for walls

or the toe catch for reinforced slopes may be required to assess overall
stability issues.
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A key to the establishment of exploration frequency for walls is the potential
for the subsurface conditions to impact the construction of the wall, the
construction contract in general, and the long-term performance of the finished
project. The exploration program should be developed and conducted in a
manner that these potential problems, in terms of cost, time, and performance,
are reduced to an acceptable level. The boring frequency described above may
need to be adjusted by the geotechnical designer to address the risk of such
problems for the specific project.

15.3.4.2 Walls and Slopes Requiring Additional Exploration
15.3.4.2.1 Soil Nail Walls

Soil nail walls should have additional geotechnical borings completed to
explore the soil conditions within the soil nail zone. The additional exploration
points shall be at a distance of 1.0 to 1.5 times the height of the wall behind
the wall to investigate the soils in the nail zone. Borings should be spaced no
more than 500 feet in uniform, dense soil conditions and should be spaced at
100 to 200 ft in typical soil conditions. Even closer spacing should be used

in highly variable and potentially unstable soil conditions. The depth of the
borings shall be sufficient to explore the full depth of soils where nails are
likely to be installed, and deep enough to address overall stability issues.

In addition, each soil nail wall should have at least one test pit excavated to
evaluate stand-up time of the excavation face. The test pit shall be completed
outside the nail pattern, but as close as practical to the wall face to investigate
the stand-up time of the soils that will be exposed at the wall face during
construction. The test pit shall remain open at least 24 hours and shall be
monitored for sloughing, caving, and groundwater see page. A test pit log shall
be prepared and photographs should be taken immediately after excavation
and at 24 hours. If variable soil conditions are present along the wall face,

a test pit in each soil type should be completed. The depth of the test pits
should be at least twice the vertical nail spacing and the length along the
trench bottom should be at least one and a half times the excavation depth to
minimize soil-arching effects. For example, a wall with a vertical nail spacing
of 4 feet would have a test pit 8 feet deep and at least 12 feet in length at the
bottom of the pit.

15.3.4.2.2 Walls with Ground Anchors or Deadmen Anchors

Walls with ground anchors or deadman anchors should have additional
geotechnical borings completed to explore the soil conditions within the
anchor/deadman zone. These additional borings should be spaced no more
than 500 feet in uniform, dense soil conditions and should be spaced at 100
to 200 ft in typical soil conditions. Even closer spacing should be used in
highly variable and potentially unstable soil conditions. The borings should
be completed outside the no-load zone of the wall in the bond zone of the
anchors or at the deadman locations. The depth of the borings shall be
sufficient to explore the full depth of soils where anchors or deadmen are
likely to be installed, and deep enough to address overall stability issues.
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15.3.4.2.3 Wall or Slopes with Steep Back Slopes or Steep Toe Slopes

Walls or slopes that have a back slopes or toe slopes that exceed 10 feet in
slope length and that are steeper than 2H:1V should have at least one hand
hole, test pit, or geotechnical boring in the backslope or toe slope to define
stratigraphy for overall stability analysis and evaluate bearing resistance.
The exploration should be deep enough to address overall stability issues.
Hand holes and test pits should be used only where medium dense to dense
granular soil conditions are expected to be encountered within limits that can
be reasonably explored using these methods, approximately 10 feet for hand
holes and 20 feet for test pits.

15.3.5 Field, Laboratory, and Geophysical Testing for Abutments, Retaining
Walls, and Reinforced Slopes

The purpose of field and laboratory testing is to provide the basic data with
which to classify soils and to estimate their engineering properties for design.
Often for abutments, retaining walls, and reinforced slopes, the backfill
material sources are not known or identified during the design process. For
example, mechanically stabilized earth walls are commonly constructed

of backfill material that is provided by the Contractor during construction.
During design, the material source is not known and hence materials cannot be
tested. In this case, it is necessary to design using commonly accepted values
for regionally available materials and ensure that the contract will require the
use of materials meeting or exceeding these assumed properties.

For abutments, the collection of soil samples and field testing shall be in
accordance with WSDOT GDM Chapters 2, 5, and 8.

For retaining walls and reinforced slopes, the collection of soil samples
and field testing are closely related. WSDOT GDM Chapter 5 provides the
minimum requirements for frequency of field tests that are to be performed
in an exploration point. As a minimum, the following field tests shall be
performed and soil samples shall be collected:

In geotechnical borings, soil samples shall be taken during the Standard
Penetration Test (SPT). Fine grained soils or peat shall be sampled with 3-inch
Shelby tubes or WSDOT Undisturbed Samplers if the soils are too stiff to
push 3-inch Shelby tubes. All samples in geotechnical borings shall be in
accordance with WSDOT GDM Chapters 2 and 3.

In hand holes, sack soil samples shall be taken of each soil type encountered,
and WSDOT Portable Penetrometer tests shall be taken in lieu of SPT tests.
The maximum vertical spacing between portable penetrometer tests should be
5 feet.
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In test pits, sack soil samples shall be taken from the bucket of the excavator,
or from the spoil pile for each soil type encountered once the soil is removed
from the pit. WSDOT Portable Penetrometer tests may be taken in the test
pit. However, no person shall enter a test pit to sample or perform portable
penetrometer tests unless there is a protective system in place in accordance
with WAC 296-155-657.

In soft soils, CPT tests or insitu vane shear tests may be completed to
investigate soil stratigraphy, shear strength, and drainage characteristics.

All soil samples obtained shall be reviewed by a geotechnical engineer or
engineering geologist. The geotechnical designer shall group the samples

into stratigraphic units based on consistency, color, moisture content,
engineering properties, and depositional environment. At least one sample
from each stratigraphic unit should be tested in the laboratory for Grain Size
Distribution, Moisture Content, and Atterberg Limits (fine grained soils only).
Additional tests, such as Loss on Ignition, pH, Resistivity, Sand Equivalent, or
Hydrometer may be performed.

Walls that will be constructed on compressible or fine grained soils

should have undisturbed soil samples available for laboratory testing, e.g.
shelby tubes or WSDOT undisturbed samples. Consolidation tests and
Unconsolidated Undrained (UU) triaxial tests should be performed on fine
grained or compressible soil units. Additional tests such as Consolidated
Undrained (CU), Direct Shear, or Lab Vane Shear may be performed to
estimate shear strength parameters and compressibility characteristics of the
soils.

Geophysical testing may be used for establishing stratification of the
subsurface materials, the profile of the top of bedrock, depth to groundwater,
limits of types of soil deposits, the presence of voids, anomalous deposits,
buried pipes, and depths of existing foundations. Data from Geophysical
testing shall always be correlated with information from direct methods of
exploration, such as SPT, CPT, etc.

15.3.6 Groundwater

One of the principal goals of a good field reconnaissance and field exploration
is to accurately characterize the groundwater in the project area. Groundwater
affects the design, performance, and constructability of project elements.
Installation of piezometer(s) and monitoring is usually necessary to define
groundwater elevations. Groundwater measurements shall be conducted in
accordance with WSDOT GDM Chapter 2, and shall be assessed for each
wall. In general, this will require at least one groundwater measurement point
for each wall. If groundwater has the potential to affect wall performance or
to require special measures to address drainage to be implemented, more than
one measurement point per wall will be required.
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15.3.7 Wall Backfill Testing and Design Properties

The soil used as wall backfill may be tested for shear strength in lieu of using
a lower bound value based on previous experience with the type of soil used
as backfill (e.g., gravel borrow). See WSDOT GDM Chapter 5 (specifically
Table 5-2) for guidance on selecting a shear strength value for design if soil
specific testing is not conducted. A design shear strength value of 36° to 38°
has been routinely used as a lower bound value for gravel borrow backfill

for WSDOT wall projects. Triaxial tests conducted in accordance with
AASHTO T296-95 (2000), but conducted on remolded specimens of the
backfill compacted at optimum moisture content, plus or minus 3 percent, to
95 percent of maximum density per WSDOT Test Method T606, may be used
to justify higher design friction angles for wall backfill, if the backfill source
is known at the time of design. This degree of compaction is approximately
equal to 90 to 95 percent of modified proctor density (ASTM D1557). The
specimens are not saturated during shearing, but are left at the moisture
content used during specimen preparation, to simulate the soil as it is actually
placed in the wall. Note that this type of testing can also be conducted as part
of the wall construction contract to verify a soil friction assumed for design.

Other typical soil design properties for various types of backfill and native soil
units are provided in WSDOT GDM Chapter 5.

The ability of the wall backfill to drain water that infiltrates it from rain, snow
melt, or ground water shall be considered in the design of the wall and its
stability. Figure 15-2 illustrates the effect the percentage of fines can have

on the permeability of the soil. In general, for a soil to be considered free
draining, the fines content (i.e., particles passing the No. 200 sieve) should be
less than 5% by weight. If the fines content is greater than this, the reinforced
wall backfill cannot be fully depended upon to keep the reinforced wall
backfill drained, and other drainage measures may be needed.

Page 15-12

WSDOT Geotechnical Design Manual M 46-03.02
July 2010



Chapter 15 Abutments, Retaining Walls, and Reinforced Slopes

CLEAR SCUARE DPEMINGS US STAMDARD SIEVE suMBERS
COEFFICIEMT OF PEAMEABILITY

m‘is_'ii’g'ﬁ + wo e S9RRE B romclEan coars-GRANED
|

T TRl l' | '{ ? i1 1 DRAINASE MATERLAL
| 4 [1 — s ﬁlu‘[ L3 FT{HIH
L ; § lr L] o AT
| h f‘ (;j 569
£ ] ual o 5 4
; L ' \., + ¥ () 0.3
E ; \\ | — AL & 0.0l
; &0 _"ﬁ. b, l ll @ z.08
- I ’% I \ N n\ 1 I g 1;:3
E E e \h\ \%\ l', @ oz
L '!' ! 1K SN ® aos
AR BNANAN ® ool
BoEE 43 2 DmeE 43 £ 166 432 186
e i~ MEQILM FINE
o [:rrs-:‘r OF FINES OM PERWMEARILITY 'E - IH':;.IT-‘IHI:I'I.I-IJ‘IF"ETD ",l-;fl_
L ] ]
o7 Feo *
N | .
\ TYPE OF FINES MIXED WITH \
COARSE GRAMED MATERIAL: o
i, N 3 ot
ko \ rs“:ec;rmfsmts j‘ & )
- ANk & ¢ :
E = 2
- x 2
g \"‘:i?___"ﬂ SILT g b
¢ —~— %
o1 '61- N g : L -
§ \Q i
z
E mr T - C_L;\'>\ ) e | JI
-“h‘-_““-—-' gﬂFILLﬁH? nmn‘rz?n r:t'rm
'E-"u 5 o 5 ] 25

PERCENT BY WEIGHT PASSING MO 200 SIEVE

Permeability and Capillarity of Drainage Materials (after NAVFAC, 1986)
Figure 15-2

15.4 General Design Requirements
15.4.1 Design Methods

The AASHTO LRFD Bridge Design Specifications shall be used for all
abutments and retaining walls addressed therein. The walls shall be designed
to address all applicable limit states (strength, service, and extreme event).
Rock walls, reinforced slopes, and soil nail walls are not specifically
addressed in the AASHTO specifications, and shall be designed in accordance
with this manual. Many of the FHWA manuals used as WSDOT design
references were not developed for LRFD design. For those wall types (and
including reinforced slopes) for which LRFD procedures are not available,
allowable stress design procedures included in this manual, either in full or by
reference, shall be used, again addressing all applicable limit states.
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The load and resistance factors provided in the AASHTO LRFD Specifications
have been developed in consideration of the inherent uncertainty and bias of
the specified design methods and material properties, and the level of safety
used to successfully construct thousands of walls over many years. These load
and resistance factors shall only be applied to the design methods and material
resistance estimation methods for which they are intended, if an option is
provided in this manual or the AASHTO LRFD specifications to use methods
other than those specified herein or in the AASHTO LRFD specifications. For
estimation of soil reinforcement pullout in reinforced soil (MSE) walls, the
resistance factors provided are to be used only for the default pullout methods
provided in the AASHTO LRFD specifications. If wall system specific pullout
resistance estimation methods are used, resistance factors shall be developed
statistically using reliability theory to produce a probability of failure P, of
approximately 1 in 100 or smaller. Note that in some cases, Section 11 of the
AASHTO LRFD Bridge Design Specifications refers to AASHTO LRFD
Section 10 for wall foundation design and the resistance factors for foundation
design. In such cases, the design methodology and resistance factors provided
in the WSDOT GDM Chapter 8 shall be used instead of the resistance

factors in AASHTO LRFD Section 10, where the GDM and the AASHTO
Specifications differ.

It is recognized that many of the proprietary wall suppliers have not fully
implemented the LRFD approach for the design of their wall system(s). The
approved details for the currently preapproved proprietary wall systems have
been developed in accordance with the AASHTO Standard Specifications
for Highway Bridges (2002). WSDOT will allow a grace period for the wall
systems preapproved on or before December 1, 2004, and have remained in
approved status until the present, regarding the implementation of the LRFD
approach. In those cases, the AASHTO Standard Specifications for Highway
Bridges (2002), as modified in the WSDOT GDM, may be used for the
design of those systems until the grace period ends, which is scheduled for
April 1, 2011.

For reinforced soil slopes, the FHWA manual entitled “Mechanically
Stabilized Earth Walls and Reinforced Soil Slopes Design & Construction
Guidelines” by Berg, et al. (2009), or most current version of that manual,
shall be used as the basis for design. The LRFD approach has not been
developed as yet for reinforced soil slopes. Therefore, allowable stress design
shall be used for design of reinforced soil slopes.

All walls shall meet the requirements in the Design Manual for layout and
geometry. All walls shall be designed and constructed in accordance with the
Standard Specifications, General Special Provisions, and Standard Plans.
Specific design requirements for tiered walls, back-to-back walls, and MSE
wall supported abutments are provided in the WSDOT GDM as well as in the
AASHTO LRFD Bridge Design Specifications (for preapproved proprietary
wall systems, alternatively in the AASHTO Standard Specifications for
Highway Bridges, 2002), and by reference in those design specifications to
FHWA manuals (Berg, et al. 2009).
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15.4.2 Tiered Walls

Walls that retain other walls or have walls as surcharges require special
design to account for the surcharge loads from the upper wall. Proprietary
wall systems may be used for the lower wall, but proprietary walls shall not
be considered preapproved in this case. Chapter 730 of the WSDOT Design
Manual discusses the requirements for utilizing non-preapproved proprietary
walls on WSDOT projects. If the upper wall is proprietary, a preapproved
system may be used provided it meets the requirements for preapproval

and does not contain significant structures or surcharges within the wall
reinforcing.

15.4.3 Back-to-Back Walls

The face-to-face dimension for back-to-back sheetpile walls used as bulkheads
for waterfront structures must exceed the maximum exposed height of the
walls. Bulkhead walls may be cross braced or tied together provided the tie
rods and connections are designed to carry twice the applied loads.

The face to face dimension for back to back Mechanically Stabilized Earth
(MSE) walls should be 1.1 times the average height of the MSE walls or
greater. Back-to-back MSE walls with a width/height ratio of less than 1.1
shall not be used unless approved by the State Geotechnical Engineer and the
State Bridge Design Engineer. The maximum height for back-to-back MSE
wall installations (i.e., average of the maximum heights of the two parallel
walls) is 30 feet, again, unless a greater height is approved by the State
Geotechnical Engineer and the State Bridge Design Engineer. Justification

to be submitted to the State Geotechnical Engineer and the State Bridge
Design Engineer for approval should include rigorous analyses such as
would be conducted using a calibrated numerical model, addressing the force
distribution in the walls for all limit states, and the potential deformations in
the wall for service and extreme event limit states, including the potential for
rocking of the back-to-back wall system.

The soil reinforcement for back-to-back MSE walls may be connected to both
faces, 1.e., continuous from one wall to the other, provided the reinforcing

is designed for at least double the loading, if approved or required by the
State Geotechnical Engineer. Reinforcement may overlap, provided the
reinforcement from one wall does not contact the reinforcement from the
other wall. Reinforcement overlaps of more than 3 feet are generally not
desirable due to the increased cost of materials. Preapproved proprietary

wall systems may be used for back-to-back MSE walls provided they meet
the height, height/width ratio and overlap requirements specified herein. For
seismic design of back-to-back walls in which the reinforcement layers are
tied to both wall faces, the walls shall be considered unable to slide to reduce
the acceleration to be applied. Therefore, the full ground acceleration shall be
used in the walls in that case.
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15.4.4 Walls on Slopes

Standard Plan walls founded on slopes shall meet the requirements in the
Standard Plans. All other walls shall have a near horizontal bench at the wall
face at least 4 feet wide to provide access for maintenance. Bearing resistance
for footings in slopes and overall stability requirements in the AASHTO
LRFD Bridge Design Specifications shall be met (including proprietary

walls designed using the AASHTO Standard Specifications for Highway
Bridges, 2002). Table C11.10.2.2-1 in the AASHTO LRFD Bridge Design
Specifications should be used as a starting point for determining the minimum
wall face embedment when the wall is located on a slope. Use of a smaller
embedment must be justified based on slope geometry, potential for removal
of soil in front of the wall due to erosion, future construction activity, etc., and
external and global wall stability considerations.

15.4.5 Minimum Embedment

All walls and abutments should meet the minimum embedment criteria in
AASHTO. The final embedment depth required shall be based on geotechnical
bearing and stability requirements provided in the AASHTO LRFD
specifications, as determined by the geotechnical designer (see also WSDOT
GDM Section 15.4.4). Walls that have a sloping ground line at the face of
wall may need to have a sloping or stepped foundation to optimize the wall
embedment. Sloping foundations (i.e., not stepped) shall be 6H:1V or flatter.
Stepped foundations shall be 1.5H:1V or flatter determined by a line through
the corners of the steps. The maximum feasible slope of stepped foundations
for walls is controlled by the maximum acceptable stable slope for the soil

in which the wall footing is placed. Concrete leveling pads constructed for
MSE walls shall be sloped at 6H:1V or flatter or stepped at 1.5H:1V or flatter
determined by a line through the corners of the steps. As MSE wall facing
units are typically rectangular shapes, stepped leveling pads are preferred.
These embedment criteria are also applicable to proprietary walls designed
using the AASHTO Standard Specifications for Highway Bridges (2002).

In situations where scour (e.g., due to wave or stream erosion) can occur in
front of the wall, the wall foundation (e.g., MSE walls, footing supported
walls), the pile cap for pile supported walls, and for walls that include some
form of lagging or panel supported between vertical wall elements (e.g.,
soldier pile walls, tieback walls), the bottom of the footing, pile cap, panel, or
lagging shall meet the minimum embedment requirements relative to the scour
elevation in front of the wall. A minimum embedment below scour of 2 ft,
unless a greater depth is otherwise specified, shall be used.
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15.4.6 Wall Height Limitations

Proprietary wall systems that are preapproved through the WSDOT Bridge
and Structures Office are in general preapproved to 33 feet or less in total
height. Greater wall heights may be used and for many wall systems are
feasible, but a special design (i.e., not preapproved) may be required. The 33
ft preapproved maximum wall height can be extended if approved by the State
Geotechnical and Bridge Design Engineers.

Some types of walls may have more stringent height limitations. Walls that
have more stringent height limitations include full height propped precast
concrete panel MSE walls (WSDOT GDM Section 15.5.3.5), flexible faced
MSE walls with a vegetated face (WSDOT GDM Section 15.5.3.6), and
MSE wall supported bridge abutments (WSDOT GDM Section 15.5.3.4),

and modular dry cast concrete block faced systems (WSDOT GDM Section
15.5.3.8). Other specific wall systems may also have more stringent height
limitations due to specific aspects of their design or the materials used in their
construction.

15.4.7 Serviceability Requirements

Walls shall be designed to structurally withstand the effects of total and
differential settlement estimated for the project site, both longitudinally and in
cross-section, as prescribed in the AASHTO LRFD Specifications. In addition
to the requirements for serviceability provided above, the following criteria
(Tables 15-2, 15-3, and 15-4) shall be used to establish acceptable settlement
criteria (including proprietary walls designed using the AASHTO Standard
Specifications for Highway Bridges, 2002):

Total Differential Settlement Action
Settlement Over 100 ft
AH<1in AH,;,<0.75in Design and Construct

Ensure structure can

1in<AH<25in| 0.75in <AH,y,,<2in tolerate settlement

) 1 .
AH > 25in AH,p, > 2in Obtain Approval® prior to proceeding

with design and Construction

1. Approval of WSDOT State Geotechnical Engineer and WSDOT Bridge Design Engineer
required.

Settlement Criteria for Reinforced Concrete Walls, Nongravity
Cantilever Walls, Anchored/Braced Walls, and MSE Walls with Full

Height Precast Concrete Panels (Soil is Place Directly Against Panel)
Table 15-2
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Total Differential Settlement Action
Settlement Over 100 ft
AH<2in AH,,<1.5in Design and Construct

Ensure structure can

2in<AH<4in 1.5in<AH,,;<3in tolerate settlement

. PR .
AH >4 in AH,p, > 3in Obtain Approval® prior to proceeding

with design and Construction

1. Approval of WSDOT State Geotechnical Engineer and WSDOT Bridge Design Engineer
required.

Settlement Criteria for MSE Walls with Modular (Segmental) Block
Facings, Prefabricated Modular Walls, and Rock Walls

Table 15-3
Total Differential Settlement Action
Settlement Over 50 ft
AH<4in AHg, < 3in Design and Construct
4in<AH<12in 3in <AHg, < 9in Ensure structure can tolerate
settlement
. . Obtain Approval® prior to proceeding
AH>12in AHgo > 91in with design and Construction

1. Approval of WSDOT State Geotechnical Engineer and WSDOT Bridge Design Engineer
required.

Settlement Criteria for MSE Walls with Flexible

Facings and Reinforced Slopes
Table 15-4

For MSE walls with precast panel facings up to 75 ft2 in area, limiting
differential settlements shall be as defined in the AASHTO LRFD
Specifications, Article C11.10.4.1.

Note that more stringent tolerances may be necessary to meet aesthetic
requirements for the walls.

15.4.8 Active, Passive, At-rest Earth Pressures

The geotechnical designer shall assess soil conditions and shall develop earth
pressure diagrams for all walls except standard plan walls in accordance with
the AASHTO LRFD Bridge Design Specifications. Earth pressures may be
based on either Coulomb or Rankine theories. The type of earth pressure used
for design depends on the ability of the wall to yield in response to the earth
loads. For walls that free to translate or rotate (i.e., flexible walls), active
pressures shall be used in the retained soil. Flexible walls are further defined
as being able to displace laterally at least 0.001H, where H is the height of
the wall. Standard concrete walls, MSE walls, soil nail walls, soldier pile
walls and anchored walls are generally considered as flexible retaining walls.
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Non-yielding walls shall use at-rest earth pressure parameters. Nonyielding
walls include, for example, integral abutment walls, wall corners, cut and
cover tunnel walls, and braced walls (i.e., walls that are cross-braced to
another wall or structure). Where bridge wing and curtain walls join the bridge
abutment, at rest earth pressures should be used. At distances away from the
bridge abutment equal to or greater than the height of the abutment wall,
active earth pressures may be used. This assumes that at such distances away
from the bridge abutment, the wing or curtain wall can deflect enough to allow
active conditions to develop.

If external bracing is used, active pressure may be used for design. For walls
used to stabilize landslides, the applied earth pressure acting on the wall
shall be estimated from limit equilibrium stability analysis of the slide and
wall (external and global stability only). The earth pressure force shall be the
force necessary to achieve stability in the slope, which may exceed at-rest or
passive pressure.

Regarding the use of passive pressure for wall design and the establishment
of its magnitude, the effect of wall deformation and soil creep should be
considered, as described in the AASHTO LRFD Bridge Design Specifications,
Article 3.11.1 and associated commentary. For passive pressure in front of the
wall, the potential removal of soil due to scour, erosion, or future excavation
in front of the wall shall be considered when estimating passive resistance.

15.4.9 Surcharge Loads

Article 3.11.6 in the AASHTO LRFD Bridge Design Specifications shall

be used for surcharge loads acting on all retaining walls and abutments for
walls in which the ground surface behind the wall is 4H:IV or flatter, the
wall shall be designed for the possible presence of construction equipment
loads immediately behind the wall. These construction loads shall be taken
into account by applying a 250 psf live load surcharge to the ground surface
immediately behind the wall. Since this is a temporary construction load,
seismic loads should not be considered for this load case.

15.4.10 Seismic Earth Pressures

For all walls and abutments, the Mononobe-Okabe method described in the
AASHTO LRFD Bridge Design Specifications, Chapter 11 and Appendix
A11.1.1.1, should be used. In addition, for this approach it is assumed that the
wall backfill is completely drained and cohesionless (i.e. not susceptible to
liquefaction).

Walls and abutments that are free to translate or move during a seismic event
may use a reduced horizontal acceleration coefficient k; of approximately
one-half effective peak ground acceleration coefficient A_. Vertical
acceleration coefficient, k,, should be set equal to 0.
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Walls and abutments that are not free to translate or move during a seismic
event shall use a horizontal acceleration coefficient of 1.5 times effective peak
ground acceleration coefficient, A_. Vertical acceleration coefficient should be
set equal to 0.

For free standing walls that are free to move during seismic loading, if it

is desired to use a value of k;, that is less than 50 percent of A, such walls
may be designed for a reduced seismic acceleration (i.e., yield acceleration)
as specifically calculated in Article C11.6.5 of the AASHTO LRFD Bridge
Design Specifications, or by using a Newmark time history analysis (see
WSDOT GDM Section 6.4.3.2) to calculate a yield acceleration that
corresponds to the amount of horizontal wall displacement allowed. The
reduced (yield) acceleration, as described above, should be calculated using a
wall displacement that is less than or equal to the following displacements:

* Structural gravity or semi-gravity walls — maximum horizontal
displacement of 4 inches, and

* MSE walls - maximum horizontal displacement of 8 inches.

These maximum allowed displacements do not apply to walls that support
other structures, unless it is determined that the supported structures have

the ability to tolerate the design displacement without compromising the
required performance of the supported structure. These maximum allowed
displacements also do not apply to walls that support utilities that cannot
tolerate such movements and must function after the design seismic event or
that support utilities that could pose a significant danger to the public of the
utility ruptured. For walls that do support other structures, the maximum wall
horizontal displacement allowed shall be no greater than the displacement that
is acceptable for the structure supported by the wall.

These maximum allowed wall displacements also do not apply to non-gravity
walls (e.g., soldier pile, anchored walls, etc.). A detailed structural analysis of
non-gravity walls is required to assess how much they can deform laterally
during the design seismic event, so that the appropriate value of k; can be
determined.

The current AASHTO specifications are not consistent regarding the location
of the resultant of the earth pressure when seismic loading occurs, nor are
they consistent regarding the separation of the static earth pressure from the
seismic earth pressure (i.e., the use of AK,_ to represent the seismic portion
of the earth pressure versus the use of K, to represent the total of the seismic
and static earth pressure). Until this issue is resolved, the following policy
shall be implemented regarding seismic earth pressure calculation:

* The seismic “component” of the Mononobe-Okabe earth pressure may
be separated from the static earth pressure acting on the wall as shown in
Article 11.10.7.1 in the AASHTO LRFD Bridge Design Specifications.

If this is done, the seismic component, AK_, shall be calculated as
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K,.— K, for walls that are free to move and develop active earth pressure
conditions, and as K, — K, for walls that are not free to move (i.e., at rest
earth pressure conditions prevail, and K, is calculated using a horizontal
acceleration coefficient of 1.5 times the effective peak ground acceleration
coefficient). Note that in this case, to complete the seismic design of the
wall, the static earth pressure resulting from K, or K; must be added to the
seismic component of the earth pressure resulting from AK_, to obtain the
total earth pressure acting in the extreme event limit state. The load factor
for EQ in Section 3 of the AASHTO LRFD Bridge Design Specifications
(i.e., a load factor of 1.0) shall be applied to the static and seismic earth
pressure loads, since in Mononobe-Okabe earth pressure analysis, a total
static plus seismic earth pressure is calculated as one force initially, and
then separated into the static and seismic components as a second step.

* The resultant force of the Mononobe-Okabe earth pressure distribution,
as represented by AK_ . should be applied at 0.6H from the bottom of the
pressure distribution. Note that the distribution is an inverted trapezoid
if the resultant is applied at 0.6H, with the pressure at the top of the
distribution equal to 0.8AK_ yH, and the pressure at the bottom equal to
0.2AK, yH.

* If the seismic earth pressure force is calculated and distributed as a single
force as specified in Appendix A11.1.1.1 of the AASHTO LRFD Bridge
Design Specifications, the combined earth pressure force shall be applied
at 0.5H from the bottom of the pressure distribution, resulting in a uniform
pressure distribution in which the pressure is equal to 0.5 K, .yH. Note
that since this uniform pressure distribution includes both the static and
seismic component of lateral earth pressure, this uniform earth pressure
must not be added to the earth pressure resulting from K, or K. Note that
this is the preferred approach to estimating earth pressures for the Extreme
Event I (seismic) limit state.

* For all walls, the pressure distribution should be applied from the bottom
of wall to the top of wall except cantilever walls, anchored walls, or
braced walls. For these walls, the pressure should be applied from the top
of wall to the elevation of finished ground line at the face of wall.

The Mononobe-Okabe seismic earth pressure theory was developed for a
single layer cohesionless soil with no water present. For most gravity walls,
this assumption is applicable in most cases. However, for cut walls such as
anchored walls or non-gravity cantilever walls, it is possible and even likely
that these assumptions may not be applicable. In such cases where these
assumptions are not fully applicable, a weighted average (weighted based
on the thickness of each layer) of the soil properties (e.g., effective stress ¢
and y) should be used to calculate K _. Only the soil above the dredge line
or finished grade in front of the wall should be included in the weighted
average. If water behind the wall cannot be fully drained, the lateral pressure
due to the difference in head must be added to the pressure resulting from
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K, to obtain the total lateral force acting in the Extreme Event I limit state
(note K includes the total of seismic and active earth pressure, as described
previously).

As an alternative to the Mononobe-Okabe method, especially for those cases
where the Mononobe-Okabe method is not applicable, limit equilibrium slope
stability analysis may be used to estimate the total force (static plus seismic)
behind the wall, using k; (the acceleration coefficient used to calculate K )

to include seismic force in the slope stability analysis (Chugh, 1995). Steps to
accomplish this are as follows:

1. Set up slope/wall model geometry, soil properties, and ground water as
would normally be done when conducting a slope stability analysis. The
internal face of the wall should be modeled as a free boundary.

2. Select an appropriate slope stability analysis method. Spencer’s method is
preferred because it satisfies equilibrium of forces and moments, but other
analysis methods may be used, subject to approval by the WSDOT State
Geotechnical Engineer.

3. Be sure that the failure surface search parameters are appropriate for the
site and subsurface geometry so that the most critical surface is obtained.

4. Apply the earth pressure to be calculated as a boundary force on the
face of the wall. In general, this force should be applied at a resultant
location of 0.5 H on the boundary, though the resultant location can be
adjusted up or down to investigate the sensitivity of the location of the
force, if desired. The angle of the applied force depends on the friction
angle between the wall and the soil. An assumption of 0 to 0.67¢ below
the horizontal is typical, though a value up to ¢ may be used if the wall/
backfill soil interface is very rough.

5. Adjust the magnitude of the applied load until the calculated safety factor
is 1.0. The force determined in this manner can be assumed to be equal to
the total earth pressure acting on the wall during seismic loading.

If cohesive soils are present behind the wall, the residual drained friction angle
rather than the peak friction angle (see WSDOT GDM Chapter 5) should be
used to determine the seismic lateral earth pressure.

For anchored walls, since an empirically based Apparent Earth Pressure (AEP)
based on the active, or in some cases at rest, earth pressure coefficient is used
for static design, K, should replace K, or K, in the AEP for seismic design.

Note also that the slope of the active failure plane flattens as the earthquake
acceleration increases. For anchored walls, the anchors should be located
behind the active failure wedge. The methodology provided in FHWA
Geotechnical Engineering Circular No. 4 (Sabatini, et al., 1999) should

be used to locate the active failure plane for the purpose of anchored zone
location for anchored walls.
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Since the load factor used for the seismic lateral earth pressure for EQ is
currently 1.0, to obtain the same level of safety for sliding and bearing
obtained from the AASHTO Standard Specification design requirements, a
resistance factor of slightly less than 1.0 is required. For bearing resistance
during seismic loading, a resistance factor of 0.9 should be used.

The seismic design criteria provided in this section are also applicable to
proprietary walls designed using the AASHTO Standard Specifications for
Highway Bridges (2002).

For walls that support other structures that are located over the active zone of
the wall, the inertial force due to the mass of the supported structure should
be considered in the design of the wall if that structure can displace laterally
with the wall during the seismic event. For supported structures that are only
partially supported by the active zone of the wall, numerical modeling of the
wall and supported structure should be considered to assess the impact of the
supported structure inertial force on the wall stability.

15.4.11 Liquefaction

Under extreme event loading, liquefaction and lateral spreading may occur.
The geotechnical designer shall assess liquefaction and lateral spreading for
the site and identify these geologic hazards. Design to assess and to mitigate
these geologic hazards shall be conducted in accordance with the provisions in
WSDOT GDM Chapter 6.

15.4.12 Overall Stability

All retaining walls and reinforced slopes shall have a resistance factor for
overall stability of 0.75 (i.e., a safety factor of 1.3 as calculated using a limit
equilibrium slope stability method). This resistance factor is not to be applied
directly to the soil properties used to assess this mode of failure. All abutments
and those retaining walls and reinforced slopes deemed critical shall have a
resistance factor of 0.65 (i.e., a safety factor of 1.5). Critical walls and slopes
are those that support important structures like bridges and other retaining
walls. Critical walls and slopes would also be those whose failure would
result in a life threatening safety hazard for the public, or whose failure and
subsequent replacement or repair would be an intolerable financial burden

to the citizens of Washington State. See WSDOT GDM Section 8.6.5.2 for
additional background and guidance regarding the assessment of overall
stability.
