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Appendix A: Working Plan 

This Working Plan summarizes the tasks that will be carried out to complete the Seismic 
Design and Analysis of Retaining Walls, Buried Structures, Slopes, and Embankments. The first 
section in this Working Plan provides an overview of the philosophy and research work that 
will be implemented to meet the goals of the research program. The following sections of 
the Working Plan then provide detailed discussions of Project approach. This Working Plan 
is based on the CH2M HILL proposal submitted to NCHRP in early November of 2003 with 
modifications summarized in Attachment 2 of CH2M HILL’s letter to Dr. Robert Reilly of 
the Transportation Research Board dated January 13, 2004.  

A.1 Overview of Working Plan 
The objective of the NCHRP Project 12-70 (Project) will be to develop analytical methods 
and recommended load and resistance factor design (LRFD) specifications for the design of 
retaining walls, slopes and embankments, and buried structures. The Specifications will be 
consistent with the philosophy and format of the AASHTO LRFD Bridge Design Specifications 
and the seismic provisions for highway bridges.  

A two-phased approach will be taken for this Project: (1) literature reviews and analytical 
developments will occur in Phase 1; and (2) LRFD specifications, commentary, and 
examples will be prepared in Phase 2. When addressing the buried structure component of 
this project, vehicular tunnels will not be included.  

The planned approach for the Project will consider the AASHTO LRFD Bridge Design 
Specifications requirements which state that “Bridges shall be designed for specified limit 
states to achieve the objectives of constructibility, safety, and serviceability, with due regard 
to issues of inspectibility, economy, and aesthetics….” In the LRFD design procedure, 
margins of safety are incorporated through load (γ) factors and performance (or resistance, 
φ) factors. The basic requirement for this Project will be to ensure that factored capacity 
exceeds factored load as defined by the following equation for various limit states (or 
acceptable performance): 

φ RN ≥ ∑ γi Qi 
 
where:  

φ = performance factor 
Rn = nominal resistance 
γI = load factor for load component i 

Qi = load effect due to load component i 
 
As cited in the AASHTO LRFD Bridge Design Specifications, the various limit states can 
correspond to complete failure, or collapse, or less severe occurrences such as excessive 
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deflection without failure or collapse, which are often called “ultimate or strength limit 
states” and “serviceability limit states.” This means that one of the key issues in applying 
the LRFD philosophy for the design of retaining structures, slopes and embankments, and 
buried structures during this research effort will be to provide clear definition of the limit or 
serviceability states that are being presented. 

It is anticipated that, at a minimum, the LRFD seismic design specifications for this project 
will address the life safety limit state for a relatively large safety level design (i.e., the 
2,500-year or future outcome of its reduced return period) earthquake. For this event the 
minimum performance goal will be no collapse. Additional limit states, such as a repairable 
performance state, and other serviceability limit states for shorter return-period events (i.e., 
functional level earthquake) will be investigated during Phase 1 of this project.  

A sound technical basis will be used in addressing the issue of seismic safety and 
serviceability within a reliable LRFD framework. The framework will be sufficiently 
comprehensive so that the developed methodologies provide a consistent technical basis for 
design acceptable to both the more seismically active WUS and CEUS, where large 
earthquakes are very infrequent.  

An important consideration related to the AASHTO LRFD Bridge Design Specifications is that 
the Working Plan will need to be consistent with revisions that are currently being made to 
the approach originally developed in the NCHRP 12-49 Project. During the NCHRP 12-49 
Project, a comprehensive set of draft AASHTO Specifications for the seismic design of 
bridges was proposed. The draft specifications were limited to highway bridges and 
components that are directly attached to them, such as abutments and wing walls, and 
specifically excluded retaining structures, slopes and embankments, and buried structures. 
The specifications and commentary proposed by the NCHRP 12-49 Project were not 
accepted in their original form and are currently under consideration for revision by the 
AASHTO Highway Subcommittee on Bridges and Structures (HSCOBS T-3). The revisions 
involve reworking the NCHRP Project 12-49 Report to address issues raised by the 
AASHTO committee. These issues include lowering the 2,500-Year Return Period Safety 
Level Seismic Demand Definition and various other simplifications. The outcome of this 
activity will impact the factored load. Hence, a successful execution of the proposed 
NCHRP 12-70 Project, in part, will require integrating future developments from the 
ongoing NCHRP 12-49 Project, especially on potential load definitions.  

In addressing the objectives of the research project, the basic goals will be to: 

• Improve existing or develop new analytical methods to overcome shortcomings of 
existing technology, based on sound soil-structure interaction principles 

• Optimize design approaches for both routine design practice and special design cases 
utilizing more comprehensive methods 

• Avoid hidden conservatism in design approaches 

• Ensure applicability of specifications to seismic zones nationwide, and provide “no 
seismic design” provisions for low seismicity regions 



NCHRP 12-70 
DRAFT FINAL REPORT 

SEISMIC ANALYSIS AND DESIGN OF RETAINING WALLS, 
BURIED STRUCTURES, SLOPES, AND EMBANKMENTS 

 
 

CVO\081750013 A-3 

• Satisfy LRFD philosophy and provide flexibility in establishing serviceability criteria 

The approach described in this Working Plan will initially focus on the data collection and 
review during Task 1, leading to the documentation of problems and knowledge gaps in 
Task 2. The Technical Advisory Panel for this Project will play an important supporting role 
in defining the problems and knowledge gaps of Task 2 leading to recommendations for 
analytical methodology development in Task 3, and the detailed Work Plan of Task 4. 
Following report submittal and approval of the Work Plan of Task 5, the approved Work 
Plan developed in Task 6 will be implemented. An outline of the LRFD specifications will be 
prepared in Task 7, and the results of the analytical developments and LRFD specification 
outline will be summarized in Task 8. The submittal of this report will conclude Phase 1 of 
the project. Pending the approval of the NCHRP Oversight Panel, Phase 2 of the Project will 
be initiated. Phase 2 involves Tasks Orders 9-12, where draft specifications, commentary, 
and example problems will be prepared, submitted to the NCHRP Oversight Panel, and 
subsequently modified to address Panel comments. The Project will be completed with a 
Final Report, including recommended specifications and commentary, and design 
examples. This final submittal is scheduled to occur approximately 39 months following 
implementation of this Working Plan.  

A.2 Working Plan Task Descriptions 
This Working Plan will involve eight tasks during Phase 1 and four additional tasks in 
Phase 2, with the final four tasks being subject to the approval of the NCHRP. The work that 
will be carried out in each of these two phases is described in the following paragraphs. 

A.2.1 Phase 1, Task Orders 1-8 
Tasks 1-8 will involve the evaluation of current methodologies, identification of their 
limitations, development of an approach for addressing the limitations, implementation of 
the work plan, and documentation of the work. The primary product from these tasks will 
be two reports. The first will identify the work plan required to address the limitations, and 
the second will document the results from implementation of the work plan. The second 
report will include an outline of the LRFD specifications. This phase of the Project will take 
place over an approximately 24-month period.  

Task 1. Data Collection and Review 
In this task relevant practice, performance data, research findings and information 
related to seismic analysis and design of retaining walls, buried structures, slopes 
and embankments will be collected, reviewed, and interpreted.  

Performance case histories arising from recent major earthquakes in California, Japan, 
Turkey and Taiwan will be reviewed and interpreted. Results of this review and these 
interpretations will be summarized for use in the Task 5 report. The following reports and 
information will be included in this review task:` 

• The AASHTO LRFD Bridge Design Specifications document the existing AASHTO seismic 
design specifications for retaining walls, which largely reflect the use of the Mononobe-
Okabe analysis approach for the calculation of active seismic earth pressures as 
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described in Appendix A-11 of the specifications. The appendix is drawn from the ATC-
6 (1981) study for the FHWA. The study is now recognized as having a number of 
practical deficiencies that require change, as discussed in Task 2 below. The AASHTO 
Specifications do not presently address seismic design specifications for buried 
structures or specifications (static and seismic) for slopes and embankments. 

• The NCHRP Project 12-49 LRFD Guidelines for the Seismic Design of Highway Bridges is also 
particularly relevant to the Project. The HSCOB’s Technical Committee T-3 has been in 
discussions with Roy Imbsen of Imbsen and Associates to review and revise the NCHRP 
Project 12-49 draft guidelines. Results of any updated will be integrated into the Project 
to the extent possible.  

• A further publication that is very relevant to analysis methodologies for the Project is the 
draft report entitled “Seismic Retrofitting Manual for Highway Structures: Retaining 
Structures, Slopes, Tunnels, Culverts and Pavements,” a Multidisciplinary Center for 
Earthquake Engineering Research (MCEER)/FHWA publication dated January 11, 2002 
(FHWA Contract DTFH61-92-C-00106). This publication is being finalized following a 
recent FHWA review and will be published as a final MCEER report in the near future. 
Sections of this report on retaining structures, slopes, and culverts will be reviewed and 
evaluated in terms of their applicability to the proposed project.  

• Another very relevant publication is the FHWA Geotechnical Earthquake Engineering 
Reference Manual (1998) that was also the basis for the National Highway Institute 
Training Course (NHI Course No. 13239—Module 9). This publication (also published 
as FHWA Report SA-97-076) includes sections on slope stability and retaining walls 
together with design examples that will also be reviewed and evaluated for use in the 
NCHRP 12-70 Project. 

• On the subject of seismic slope stability, a recently published document, Recommended 
Procedures for Implementation of DMG Special Publication 117, Guidelines for Analyzing and 
Mitigating Landslide Hazards in California, a 2002 publication by the Southern California 
Earthquake Center, is also relevant to the Project, and will be studied for applicability to 
the NCHRP 12-70 Project. 

• For wall backfills comprising saturated cohesionless backfills, the 2003 AASHTO LRFD 
Interims note that special consideration should be given to address the possibility of soil 
liquefaction. One relevant publication is the 1992 U.S. Army Technical Report ITL-92-11, 
The Seismic Design of Waterfront Retaining Structures. 

• For MSE walls available information includes observational data of wall performance in 
the Northridge and Loma Prieta earthquakes, the Kobe earthquake, the Chi-Chi 
earthquake, and other recent earthquakes in Japan, Turkey, and elsewhere. Available 
data also include numerical analysis and scale model tests performed by Bathurst at the 
Royal Military College in Canada. 

• Existing and developing LRFD design guidelines for static loading cases will be used to 
define the starting point for seismic design. For example, the 1998 FHWA Reference 
Manual on Load and Resistance Factor Design (LRFD) for Highway Bridge Substructures used 



NCHRP 12-70 
DRAFT FINAL REPORT 

SEISMIC ANALYSIS AND DESIGN OF RETAINING WALLS, 
BURIED STRUCTURES, SLOPES, AND EMBANKMENTS 

 
 

CVO\081750013 A-5 

in NHI Course 13062 provides relevant information on static design for retaining wall 
and culvert design.  

In addition to the existing AASHTO guidelines for LRFD design, active research on this 
subject is ongoing in the field of retaining structures and will be considered throughout this 
task. Contacts will be made with DOTs and FHWA to identify these potential sources of 
additional information. This additional information could include Design Guides developed 
by individual DOTs. 

Task 2. Document Problems and Knowledge Gaps 
In this task problems and knowledge gaps in current seismic analysis and design 
methods for geotechnical structures will be systematically identified, illustrated, 
and documented based on the Task 1 data collection and review.  

The identification of these problems and knowledge gaps will be used as a basis for 
recommending analytical methodologies for development. The following specific problems 
and knowledge gaps will be addressed during this task.  

Use of Mononobe-Okabe Approach for Seismic Earth Pressures 
Many geotechnical engineers have observed that a large discrepancy exists between how 
retaining walls perform during historical earthquakes versus what is predicted by current 
analysis procedures. Existing walls are designed for a relatively low static earth pressure 
coefficient of 0.3, and yet, with the exception of a few cases of wall damage in historical 
earthquakes, they have performed well during large seismic events. This leads to a 
prevalent practice to refrain from providing overly high seismic earth pressure 
recommendation to structural engineers (such as an earth pressure coefficient higher than 
0.5 of the effective overburden pressure), despite the fact that theoretical calculations often 
suggest higher seismic earth pressure conditions.  

The above observation suggests that a large margin of conservatism exists in current design 
analysis procedures. The source of conservatism lies partially within current geotechnical 
approaches for predicting earth pressure demand, but might also be due to conservatism in 
the structural design code. One of the important components of this task will be to clarify 
the various components of conservatism. The knowledge gap pertaining to retaining wall 
design procedures is also complicated by the many wall types and earth pressure theories 
that must be modified to account for the potential active and passive pressure difference in 
response for each wall type. Nevertheless, improvement in earth pressure theories can 
provide the basic framework for improving existing practice for designing retaining walls.  

Current thinking on simplified seismic design procedures for retaining walls is based on the 
use of the Mononobe-Okabe (M-O) seismic earth pressure equations, which form the basis 
for existing analysis in the AASHTO Specifications. Representative concerns often cited on 
the use of M-O are: 

• How to use the M-O equations for a backfill that is predominantly clayey, or for a soil 
involving combination of shear strength derived from both c and φ, or where backfill 
conditions are non-homogeneous. 
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• How to use the M-O equations for sloping ground behind the wall where unrealistically 
large seismic active earth pressure coefficient can result. 

• How to use the M-O equations when high pseudo-static accelerations cause the M-O 
equation to degenerate into an infinite earth pressure.” 

Previous editions of the AASHTO Specifications have specifically discussed the M-O 
methods and presented equations for making these estimates. These equations have, 
however, been found to have significant limitations, as noted above and discussed in the 
commentary for the NCHRP Project 12-49 guidelines. 

For the case of seismic active earth pressures, the M-O equations are based on the Coulomb 
failure wedge assumption and a cohesionless backfill. For high accelerations or for 
backslopes, the equations lead to 
excessively high pressures that 
asymptote to infinity at critical 
acceleration levels or backslope 
angles. For the latter conditions, 
no real solutions to the equations 
exist implying equilibrium is not 
possible. For horizontal backfills, 
for example, with a friction angle 
in sand of 40°, a wall friction 
angle of 20° and a peak 
acceleration of 0.4g, the failure 
surface angle is 20° to the 
horizontal. For a peak 
acceleration of 0.84g, the active 
pressure becomes infinite, 
implying a horizontal failure 
surface.  

In practical situations, 
cohesionless soil is unlikely to be 
present for a great distance 
behind a wall and encompass the 
entire critical failure wedge under 
seismic conditions. In some cases, 
free-draining cohesionless soil 
may only be placed in the static 
active wedge (say at a 60° angle) with the remainder of the soil being cohesive embankment 
fill (c, φ soil), natural soil or even rock. Under these circumstances, the maximum 
earthquake-induced active pressure could be determined using trial wedges as shown in 
Exhibit 1, with the strength on the failure planes determined from the strength parameters 
for the soils through which the failure plane passes. This approach (in effect the Culmann 
method identified for use with non-cohesionless backfill in the 2003 AASHTO LRFD 
Interims for static wall design) will provide more realistic estimates of seismic active 

EXHIBIT 1 
Trial Wedge Method for Determining Critical Earthquake Induced Active Forces 
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pressure. The above problem becomes further unrealistic in the case of a sloping backfill, 
where earthquake active pressures become rapidly infinite for small seismic coefficients and 
relatively shallow slope angles, as illustrated in Exhibit 2.  

As noted in the subsequent Task 3 discussion, the solution to the current limitations of the 
M-O equations appears to be development of a practical computer program based on the 
method slices (as conventionally used for slope stability analyses). With this program 
earthquake active earth pressures for generalized and potentially non-homogeneous soil 
conditions behind a retaining wall could be computed. The program will also provide a 
similar methodology for the computation of passive earth pressures. This case is important 
for establishing passive force resistance at the toe of gravity walls and tangent drilled shaft 
cantilever walls, for example. 

Earthquake Analysis of MSE Walls 
MSE walls have, in general, performed very well when subjected to seismic loading. 
Furthermore, experience with the design of MSE walls in seismic zones indicates that 

EXHIBIT 2 
Effect of Backfill Slope on the Seismic Active Earth Pressure Coefficient using M-O Equations 
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seismic design considerations rarely govern MSE wall design. However, these general 
observations are subject to the following qualifications: 

• The number of significant earthquakes in which the behavior of MSE walls designed 
according to current AASHTO and FHWA standards has been observed is limited to 4 
or 5. 

• The height of the MSE walls designed according to current AASHTO and FHWA 
standards that have been subjected to significant seismic loading is limited to less that 30 
to 40 feet. 

The limited observational database and limited wall heights for seismic performance of MSE 
walls, combined with a general lack of actual monitoring data on the response of MSE walls 
subject to earthquake loading, indicate that the seismic performance of MSE walls should 
not be taken for granted, particularly as wall heights increase beyond the limit of 
observations of seismic performance.  

Current methodologies for seismic design of MSE walls are also subject to some serious 
limitations, particularly in areas of high seismicity. These limitations include: 

• The equation for the wall backfill acceleration coefficient is unsupported by any 
observational data and begins to decrease when the acceleration exceeds 0.45g. 

• The empirical equation for wall backfill acceleration is independent of wall backfill 
height and stiffness; two factors that should, logically, have a significant impact on the 
potential for backfill amplification. 

• The empirical equation for wall backfill acceleration is independent of the earthquake 
ground motion characteristics (predominant frequency, or magnitude and distance), 
contrary to current understanding of the response of earth structures to seismic loads. 

• The same acceleration coefficient used for global stability is also used for local stability, 
even though the wall would be expected to respond to a different (shorter) frequency of 
excitation locally (i.e., at the connection between the wall facing and the reinforcement) 
than globally. 

• Back analysis of the walls that failed in the Chi-Chi earthquake indicates that a “two-
wedge” Rankine analysis is more appropriate for MSE wall design than the single 
wedge analysis typically used in practice. 

Wall Height Dependent Seismic Coefficient 
A sound technical basis for selecting the seismic coefficient to be used in the limiting 
equilibrium solution approach, such as the classical M-O method, to develop earth pressure 
recommendations is needed. The current practice in selecting the seismic coefficient 
assumes rigid body soil backfill response where seismic coefficients are associated with the 
ground acceleration.  

Exhibit 3 presents some schematic diagrams showing issues pertaining to the wall pressure 
seismic coefficient as compared to the reference free-field motion at a point on the ground 
surface. For simplicity, a massless retaining wall is used to eliminate the inertial response of 
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the retaining wall so that the problem is reduced to a relatively simple problem involving 
inertial response of the retained fill acting on the wall. It is clear that the soil mass behind 
the retaining wall should be governed by incoherence in the ground motion at different 
point of the soil mass. Hence, the acceleration time history response at different points in the 
soil mass will be different from each other.  

The total force acting when normalized by the soil mass within the domain gives rise to an 
equivalent seismic coefficient for wall design. As the retaining wall height increases and the 
domain of the soil mass increases in the lateral direction, to an increasing degree the high 
frequency content of the ground motion will be eliminated. Hence, it is clear that the seismic 
coefficient for earth pressure should be a function of wall height, as well as a function of the 
frequency content of the ground motion record. High frequency rich ground motions tend 
to be more incoherent and hence imply lower seismic coefficient. Hence, the seismic 
coefficient should decrease for low, long-period content CEUS motion records as compared 
to WUS, or for rock motion records as opposed to soft soil site records.  

EXHIBIT 3 
Effect of Spatially Varying Ground Motions to Seismic Coefficient 

 
Earthquake-Induced Slope, Embankment, or Retaining Wall Displacement  
Based on Newmark Sliding Block Analyses 
As described in both the 2002 MCEER Draft FHWA Seismic Retrofitting Manual and the 2002 
SCEC Guidelines for Analyzing and Mitigating Landslide Hazards in California, noted in the 
Task 1 discussion, recent practice for the analysis of seismic slope or embankment 
performance has been to perform a displacement-based analysis using a Newmark sliding 
block approach. This approach was also adopted for the NCHRP Project 12-49 for 
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evaluating liquefaction-induced lateral spread displacement at bridge approach fills or 
slopes. For the case of seismic retaining walls analysis, the AASHTO LRFD Specifications 
recognize that in applying the M-O method for wall limiting equilibrium analyses, peak 
ground accelerations can be reduced for walls that can displace laterally. However, such 
reductions to be used in design can only be reliably evaluated if earthquake-induced 
displacement calculation methods and their sensitivity to earthquake ground motion 
characteristics are understood.  

Studies have indicated that displacement-based analyses are very sensitive to the frequency 
and amplitude characteristics of earthquake acceleration time histories, and to earthquake 
duration, together with the earthquake response characteristics of higher walls, slopes or 
embankments. Whereas design charts or simplified expressions are available to provide 
design guidance, improvements are needed to better reflect the above variables, and to 
provide a basis for nationwide application and to use as a screening tool to establish “no 
seismic analysis” criteria for less seismic regions and for appropriate serviceability criteria. 
A potential approach is described under Task 3.  

Seismic Design Needs for Culverts and Underground Pipes 
Although buried structures, including culverts, pipelines, and conduits, are covered in the 
AASHTO LRFD Bridge Design Specifications, there are no specifications for the seismic design 
of these facilities. Recent studies have shown that damage to culverts and piping can be 
significant, although such damage is typically not extensive or readily observable after 
earthquakes. Damage to underground gravity flow structures can remain hidden for many 
months to years following an earthquake. Moreover, hidden damage to underground 
facilities can result in subsurface erosion, progressive collapse, and undermining of adjacent 
highway structures, with serious long-term repercussions for safety and serviceability. 

Design specifications and guidance are needed for the effects on culverts and piping of 
earthquake-induced permanent and transient ground deformation (PGD and TGD, 
respectively). Field investigations have shown that seismic damage to culverts and pipelines 
is often related to PGD and ground failure effects. A comprehensive investigation of 
damage following the Northridge earthquake has also disclosed extensive damage to 
flexible, corrugated metal pipes (CMPs) caused by transient wave effects. Seismic design for 
highway culverts and piping will address the effects of PGD and transient wave interaction. 

Task 3. Recommend Analytical Methodologies for Development 
In this task analytical methodologies potentially suitable for application to seismic 
design that address the problems and gaps identified in Task 2 will be recommended.  

This task will focus on the identification of analytical methods suitable for engineering 
practice. More comprehensive methods that may be appropriate for more complex or major 
projects will also be identified and recommended where appropriate. The following 
summary identifies potential analytical methodologies and potential recommendations that 
will be considered. 
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Computer Program for Limiting Equilibrium Earth Pressure Analyses  
Using the Method of Slices 
A version of an existing computer program for limiting equilibrium analyses for log-spiral 
and trial wedge failure surfaces using the method of slices (as shown in Exhibit 4) will serve 
as the starting point for addressing shortcomings addressed previously in the area of earth 
pressure analyses. The computer program includes the ability for log-spiral and trial wedge 
failure surfaces, in non-homogeneous soils, and allows for searching of the critical failure 
surfaces. The program was tailored for seismic design applications using both horizontal 
and vertical forces. The program can be used for both active and passive earth pressure 
problems. The mentioned computer program has been checked against other numerical 
solutions (such as FLAC solutions) and also experimental data, and appears to be a good 
basis for further development for practical applications. 

EXHIBIT 4  
Limiting Equilibrium Analysis using the Method of Slices for General Conditions 

 
The computer program identified above appears to be the key to resolution of the historical 
dilemma of how to improve on the M-O equations, allowing designers to deal with 
generalized c-φ inhomogeneous soil masses, behind retaining walls. Limiting equilibrium 
analyses using computer programs for slope stability problems are a mainstay in 
geotechnical engineering practice since the inception of the discipline. It is a very natural 
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progression that limiting equilibrium solutions progress along the same path for earth 
pressure problems. 

Earthquake Analysis of MSE Walls 
The MSE wall information developed in Task 1, along with data collected from ongoing 
AASHTO and NCHRP research projects on static LRFD design of MSE walls and other 
retaining structures, will be used to establish recommendations for analytical methodologies 
for development. Recommendations will likely include some numerical analysis, calibrated 
on the observed performance of MSE walls subject to earthquake loading, to investigate the 
influence of the factors considered most important with respect to the seismic response of 
MSE walls, including wall height, backfill stiffness, and the characteristics of the earthquake 
ground motions. In this respect, analyses will be integrated with studies on wall height 
dependent seismic coefficients described below. These analyses will be used to develop an 
improved methodology for seismic design of MSE walls, most likely using a two-wedge 
model. 

Wall Height Dependent Seismic Coefficients 
The coefficient (or ratio) to be applied to peak ground acceleration (PGA) for earth pressure 
design will be rationalized based on wave propagation principles and at a minimum be a 
function of wall height and the frequency content of the expected ground motion. This effect 
could be particularly significant for larger wall heights. A procedure developed by EMI for 
selection of seismic coefficient by implementing some of the recommendations from Wood’s 
findings for dynamic earth pressure will serve as a starting point. This approach involves 
examining wavelengths implied in frequency contents of the earthquake record and 
comparisons with the minimum required wavelength for exerting synchronized earth 
pressure on the retaining wall (see Exhibit 5). Wood concluded that when wavelengths are 
longer than 10 times the wall height, the particle motions of the seismic wave along the wall 
would be sufficiently in-phase and therefore the resultant earth pressure diagram is more 
consistent with pseudo-static design.  

EXHIBIT 5 
Effects of Seismic Coefficient on Wall Height and Frequency Content of Earthquake 
 

A systematic evaluation of frequency content implied by the height of the retaining wall will 
be made as part of this approach. This ratio will be a function of wall height. Separate charts 
will be developed for WUS and CEUS. Because of the much lower long period content in 
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CEUS earthquakes, there should be a reduction in the PGA ratio for CEUS design 
conditions, which ultimately allow much wider conditions for “no analysis” screening for 
the Mid-West and East Coast. A series of parametric studies using earthquake records 
representative for both WUS and CEUS in accordance with the USGS seismic hazard 
mapping project will be performed to develop the ratios to be applied to the PGA value for 
pseudo-static solutions for earth pressures. Spectrum-compatible motions for various 
spectral curve shapes representative of both WUS and CEUS earthquakes, previously 
developed by EMI, will be used as a starting point for this analysis. This set of strong 
ground motions appears to be suitable for use during the conduct of parametric study to 
develop the design chart for seismic coefficients. 

The outlined work plan is intended to yield more realistic seismic earth pressure values that 
should close the discrepancy between design analysis procedures versus historical 
observations of retaining wall performance. As part of this subtask, the φ and the RI factors 
in current LRFD procedures for structural retaining wall design will be reviewed to 
determine the potential for refining conservatism in the performance (i.e., capacity) area. 

Newmark Sliding Block Displacement Based Design Charts 
Existing information on slope and embankment stability will be used as a basis for 
developing improved design charts applicable to nationwide seismic hazard conditions. 
Different charts for WUS versus CEUS regions will likely be developed.  

A starting point for this development will be traditional methods for assessing seismic slope 
stability based on factors of safety, as these methods may be sufficient in areas of low 
seismicity, and specifically for the “no analysis” case. The general approach is likely to 
follow the current state of practice in California (DM117) which calls for minimum static 
and pseudo static factors of safety of 1.5 and 1.1, respectively. The pseudo-static analysis is 
based on application of seismic coefficient as a constant horizontal load. Instead of 
specifying how to select the seismic coefficient, the State of California recommends 
following the lead agency practice guidelines. For most transportation projects, the Caltrans 
2002 guidelines have been used, which recommend 1/3 of PGA, but no greater than 0.2g. 
If the pseudo-static analysis results in a factor of safety lower than 1.1, the project engineer 
either employs a Newmark analysis (or other displacement-type analysis method if 
acceptable to the lead agency) to determine the magnitude of slope displacement, or designs 
appropriate mitigation measures.  

Newmark displacements provide an index of probable seismic slope performance. As a 
general guideline, a Newmark displacement of less than 10 cm is considered stable; whereas 
more than 30 cm is considered unstable from a serviceability standpoint. Several design 
charts exist correlating Newmark displacement with the ratio of yield acceleration (which is 
defined as the acceleration required to bring the factor of safety to 1.0) to the peak ground 
acceleration. Such design charts are discussed in the NCHRP Project 12-49 Report 
(Appendix D), where the charts developed by Martin and Qiu (1994) are recommended for 
use in liquefaction-induced lateral spread analyses for bridge pile design. These charts 
include peak ground velocity as an input parameter, as well as peak ground acceleration. 
Newmark sliding block analyses for slopes are also discussed in the 2002 SCEC Landslide 
Hazard Guidelines noted in Task 1 discussion.  
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Such charts will also be applicable to displacement based retaining wall design, where the 
yield acceleration corresponds to wall horizontal limiting equilibrium conditions under 
horizontal inertial wall loading and backfill seismic earth pressures. An evaluation of 
related wall displacements will provide the means for rational peak ground acceleration 
reductions for design for both WUS and CEUS regions, based on approved serviceability 
criteria.  

Design Approaches for Buried Culverts and Pipelines 
Design approaches for buried culverts and pipelines will be identified. The explicit features 
that need to be embodied in the design approaches are summarized as follows: 

• Permanent Ground Deformation (PGD). Ground failure and PGD effects can be caused 
by bearing failure, fault rupture, soil liquefaction, landslides, and consolidation of loose 
granular soils. The most pervasive form of bearing failure is associated with excessive 
embankment settlement in liquefiable and sensitive soils below embankments. 
Liquefaction can also result in lateral expansion of an embankment because of 
diminished horizontal shear capacity. Earthquakes can trigger movement or failure of 
embankment slopes as well as natural slopes in the vicinity of highway facilities. A 
simplified, but comprehensive process for identifying locations with the potential for 
ground failure and PGD needs to be developed with which designers can systematically 
assess site conditions and decide on the potential for failure and large displacement. 

• Transient Ground Deformation (TGD). Transient wave interaction in the longitudinal 
direction and transverse cross-section of culverts and piping also needs to be addressed 
and design procedures for characterizing wave interaction and checking its attendant 
effects developed. Particular attention will be directed to the effects of wave interaction 
on joints along the longitudinal axis of the conduit. Methods for characterizing the 
effects of vertically propagating shear waves and their interaction across the transverse 
cross-section of a conduit require development. Strain-based methods of analysis for this 
situation have been proposed and should be explored as a rational basis for design.  

The design procedures developed for highway culverts and conduits will be consistent with 
procedures for distribution pipelines and larger tunnels. Such consistency is important and 
considered a primary feature of a design program to interface with the seismic design of 
other types of underground facilities so that a unified approach will emerge that avoids 
misinterpretation and disagreements in the future. 

Task 4. Prepare Detailed Work Plan 
In this task a detailed work plan for full development and validation of the 
recommended analytical methodologies arising from Task 3 will be prepared. The 
work plan will also include the development of example applications with 
parametric studies and comparisons with existing methods.  

A minimum of five specific research elements for detailed analysis and design methodology 
development will be used – representing priority recommendations approved by the 
NCHRP Oversight Panel. The five elements identified in Exhibit 6 will serve as the starting 
point for developing the detailed work plan. These elements will be reviewed and 
developed further in Task 3, albeit the nature and selection of priority elements could be 
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revised following completion of Tasks 1-3 and review by the NCHRP Panel in Task 5. Other 
less technical problem areas could be addressed in the specifications with minimum 
technical effort, where existing knowledge will be used to prepare specifications and 
commentary. Task 6 provides further description of the work plan performance strategy as 
requested in Note G of NCHRP’s statement of work. 

EXHIBIT 6 
Tentative Proposal for Work Product Elements 

Type of Investigation Purpose Number of Methods or Concepts 

Document Limiting Equilibrium 
Computer Program based on Method 
of Slices 

Offer to end users the means for 
improved methodology for establishing 
design seismic earth pressure 
magnitudes 

A single computer program is 
envisaged for seismic active and 
passive earth pressures 

Analyses of MSE Walls Develop revised design methodology 
for MSE walls 

A single integrated design method  

Analyses to Develop Design Charts 
for Estimating Seismic Coefficient 

Provide a rational basis for selecting 
seismic coefficient as a function of wall 
height for different soil conditions 

Total of four charts for combination of 
soil and rock sites with separate 
charts for WUS and CEUS 
earthquakes 

Analyses to Update Design Charts for 
Estimating Slope and Wall Movement 
Displacements 

This design chart will provide end 
users the means of estimating slope 
and wall movements 

Total of four charts for combination of 
soil and rock sites with separate 
charts for WUS and CEUS 
earthquakes 

Analyses to Develop Design 
Approaches for Permanent and 
Transient Ground Deformation for 
Culverts and Pipelines 

Provide design guidance and 
specifications 

Total of two design approaches, one 
for culverts and one for pipelines 

 

Task 5. Report Submittal and Presentation 
In Task 5, within 9 months of the contract start, the results of Tasks 1 through 4 will 
be documented in a Report.  

Following a NCHRP Oversight Panel review of the Report, key members of the project team 
will meet with the Panel to discuss the Report and remaining tasks. Following NCHRP 
approval of the Report, the approved Task 4 work plan will be implemented in Task 6. 

Task 6. Perform Approved Work Plan 
In Task 6 the approved work plan will be carried out to develop analytical 
methodologies.  

The bulk of the work elements for Phase 1 will be conducted in this task. Exhibit 6 lists the 
type of work elements that will be involved along with some tentative estimate on the type 
and the extent of the research product. However, as noted above, these proposed research/ 
development work elements will likely be modified in the course of the Project, based upon 
further findings from Tasks 1 through 5, and especially after feedback by the NCHRP 
Oversight Panel.  
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EXHIBIT 7  
Work Plan Flow Chart 
 

 
 
 For each type of research element, the performance in Task 6 is expected to follow several 

steps as outlined in the flow chart shown in Exhibit 7. Following the development phase 
when the basic development tools are generated (be it a computer program, an analytical 
equation, or in the form of a graphical design chart), the developed methodology will go 
through a validation phase, where available experimental data will be compared to 
solutions from the developed methodology. In this phase, conference calls and, perhaps a 
small workshop, where presentations will be made to selected structural and geotechnical 
engineers (including Technical Advisory and NCHRP Panel members), will be convened. 
This procedure will be used to gain a great deal of insight on whether the overall 
methodology is overly conservative or not practical.  

Following the validation phase, a parametric study where the method will be applied to a 
range of design problems, including analyses for a range of structural configurations, soil 
conditions, and seismic loading conditions, will be carried out. One of the objectives of the 
parametric study will be to ensure that the proposed methodology is sufficiently robust that 
reasonable solutions will be achieved by the methodology. When necessary, presumptive 
default design recommendations will be established for designers when the design 
procedure becomes unreasonably conservative. Another by-product from the parametric 
study includes products that can readily be used to generate: (1) application examples, 
(2) examples that can also be used to compare with results from prior existing methods, and 
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most importantly, (3) results that can be the basis for establishing screening criteria for 
establishing the conditions for a “no seismic analysis” criterion. 

Focused conference calls and, perhaps, a small workshop will occur during the course of 
Task 6. The conference calls and workshop will present the results of the developed 
methodology and receive feedback from participants. NCHRP Oversight Panel members 
will be invited to participated in some of these discussions. In addition to outlining the 
methodology, information regarding the validation of the proposed methodology will be 
presented. Data pertaining to validation will include: (1) verification to available data, and 
(2) comparison of the proposed methodology with general observations regarding the 
relatively good performance of retaining and buried structures.  

The major objectives in the proposed conference calls and possible workshop include: 

• Presenting the technical merits in the proposed methodology. 

• Demonstrating that the proposed methods are consistent with observations of past 
earthquake performance, and are not unnecessarily conservative. As discussed earlier, 
identifying the various sources of conservatism in existing practice will be key for 
resolution of this issue. Establishing this basic premise is very important for 
implementation. Because the overall design process involves both structural engineers, 
who are involved with the performance (i.e., the left hand of Equation 1) side, as well as 
geotechnical engineers, who are involved with recommendations for the load factors 
(i.e., the right hand side of Equation 1) in the LRFD equation, this needs to be resolved in 
a forum involving both geotechnical and structural experts. 

• Brain storming during the conference calls and possible workshop on the format of the 
LRFD specifications. 

• Coordinating with other groups of researchers who are currently working on various 
relevant LRFD design activities. A partial list includes: (1) the Imbsen team, which is 
understood to be currently addressing some of the basic definitions for earthquake loads 
and also addressing the basic format of LRFD for seismic design of bridges, (2) the 
group addressing LRFD specification for retaining walls, slopes and underground 
structures for static load cases, and (3) the group addressing LRFD specifications for 
tunnels for the seismic load cases. 

During the conference call and possible workshop, skeleton outlines of the proposed LRFD 
specifications for the various design elements will be presented. NCHRP Oversight Panel 
members, as well as other contributors, will be invited to critique relevant issues, including: 

• The definition of the safety level limit state for earthquake loading (i.e., the appropriate 
return period). 

• The importance of the frequency content to the method of analysis. A general consensus 
(from the USGS hazard mapping program) that the frequency content in the ground 
motion is different between WUS and CEUS, and ground shaking in the long period 
range (i.e., related to peak ground velocity) is much lower in CEUS. Permanent 
displacement from Newmark sliding block solutions (which has been used as measure 
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of the global seismic stability of both retaining walls and slopes and embankments) is 
very sensitive to peak ground velocities. Therefore, it can be concluded that retaining 
walls and slope and embankments could perform rather well for CEUS earthquakes 
when compared to WUS earthquakes due to a fundamental difference in earthquake 
demand at peak ground velocity. This aspect will be considered in an effort to minimize 
design analysis effort needed for CEUS. The idea will be documented fully during the 
proposed discussions. 

• The definition of performance for the safety level limit state. 

Other potential definitions of earthquake load levels. 

• Ideas for categorizing seismic performance and hazard levels in the specification, in line 
with the anticipated LRFD specification for bridge structures, such as categorizing 
design requirements based on zones of ground shaking hazard and based on seismic 
performance categories. 

• Ideas for preliminary screening to identify cases where seismic analysis is not needed. 
Design requirements related to static loading (where a higher level serviceability limit 
state governs), and the level of ground shaking that can be withstood by the designed 
system for the no collapse limit state will be discussed. Understanding this issue will 
potentially be the basis of reducing the need for complicated design analyses for many 
of the retaining structures, slopes and embankment, and underground structures, 
especially for the less hazardous CEUS. 

• Ideas for identification of unusual cases, where a higher level of analysis would be 
recommended, and resource document to provide some guidance for how to proceed 
with special studies. 

After reaching consensus from these conference calls and possible workshop discussions, 
the parametric studies as discussed in Task 6, which will provide the necessary numerical 
tools such as simplifying charts and design examples to be used in developing the design 
specifications, will be implemented. 

Task 7. Outline LRFD Specification 
In this task an annotated outline of LRFD specifications that addresses the 
problems and gaps identified in Task 2 and that incorporates the methodologies 
developed in Task 6, for the seismic design of retaining walls, buried structures, 
slopes, and embankments will be developed. 

Where appropriate, the specification outline will be consistent with the NCHRP Project 
12-49 specification document (as potentially modified) and address appropriate limit state 
and resistance factors for seismic design. The outline will document recommended changes 
to the existing Chapter 11, LRFD Specification for Seismic Design of Retaining Structures, 
and also recommend a new seismic specification section for Chapter 12 on Buried 
Structures. As only limited reference is made in Section 10 of the LRFD specifications to 
slopes and embankments, suggestions will also be made on how to integrate recommended 
seismic specifications with static LRFD design concepts. 
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Task 8. Report Submittal for Tasks 6 and 7 
In this task a report documenting the studies and results of Tasks 6 and 7 will be 
submitted, and a detailed work plan for full development of recommended 
specifications in Phase 2 will be proposed. 

A.2.2 Phase 2, Task Orders 9-12 
Tasks within Phase 2 involve the preparation of specifications, commentary, and example 
problems. These tasks will be initiated following receipt of NCHRP’s notice-to-proceed with 
the Phase 2 program.  

Task 9. Develop First Draft of Specifications, Commentary, and Example Problems 
In this task the first draft of the recommended specifications will be developed. This 
draft will be prepared following the Task 8 meeting with the NCHRP Oversight 
Panel and following approval of the annotated outline developed in Task 8. A 
companion commentary and examples illustrating the application of key features of 
the specifications will also be prepared. 

The need to address potential impacts, including the need for technology transfer to 
minimize difficulties with new analysis concepts and methods (addressed through a 
proactive implementation plan) and the need to evaluate and develop a dialog with affected 
DOTs on potential cost impacts, will be considered during this task. 

Task 10. Submit First Draft Report of the Recommended Specifications 
In this task the materials developed in Task 9 will be submitted and a meeting with 
the NCHRP Oversight Panel to review and discuss the draft will be held. 

Task 11. Prepare Second Draft of the Recommended Specifications and Commentary 
In this task the second draft of the recommended specifications and commentary 
will be prepared, in accordance with Panel comments on the first draft. Complete 
design examples and an analysis of impacts of implementation of the recommended 
specifications will also be prepared. 

The exact nature of complete design examples will not become clear until the completion of 
Phase 1. However, a minimum of 10 examples covering a range of practical cases 
encompassing various types of retaining walls, buried structures and slopes and 
embankments, will be provided. Emphasis will be placed on examples illustrating the 
application of analytical developments accomplished during the project, but will also 
illustrate other examples using existing methodologies. Exhibit 8 identifies the list of 
examples that will be prepared – subject to any changes that might later be agreed upon 
between the Project team and the NCHRP Oversight Panel. 
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EXHIBIT 8 
Potential Design Examples 

Example Type Example 
AASHTO LRFD Specifications 

Chapter 
Standard Cantilever 

1. Rigid Gravity Walls 
Bin Wall or Crib Lock Wall (optional) 

11-6 

Cantilever Soldier Pile 
2. Non Gravity Cantilever Wall 

Retaining Wall on Piles 
11-7 

Soldier Pile with Tieback 
3. Anchored Wall 

Soil Nail Wall 
11-8 

Tensar or Hilfiker 
4. MSE Wall 

Reinforced Slope (optional) 
11-9 

5. Prefabricated Modular Wall Keystone or Mesa 11-10 

Rigid 
6. Buried Pipeline 

Flexible 
12 

Rigid 
7. Culvert Structure 

Flexible 
12 

8. Cut Slope in Jointed Rock   

Cohesionless 

Cohesive 9. Cut Slope in Natural Soil 

Mixed Soil 

 

Cohesionless 

Cohesive 10. Compacted Fill Embankment 

Mixed Soil 

 

 

In selecting the examples, existing case histories will be used to replicate actual field 
conditions as closely as possible. The wall examples will use proposed new analysis 
methodologies for seismic earth pressures and illustrate the rationale for displacement-
based serviceability criteria (based on revised Newmark Charts) where appropriate. Each 
example will cover a high and low seismic hazard region. The starting point for each seismic 
evaluation will be a design based on a static loading case using existing AASHTO LRFD 
Specifications. The slope and embankment examples will also have as a starting point an 
initial static design and will illustrate a deformation approach to seismic design using 
Newmark sliding block design principles. The buried pipeline and culvert structure 
examples will be based on a site condition where seismic vulnerability would be of concern. 

Task 12. Final Report Submittal and Presentation 
In this task a final report describing the entire research effort, including the second 
draft recommended specifications and commentary, and design examples, will be 
prepared. 



NCHRP 12-70 
DRAFT FINAL REPORT 

SEISMIC ANALYSIS AND DESIGN OF RETAINING WALLS, 
BURIED STRUCTURES, SLOPES, AND EMBANKMENTS 

 
 

CVO\081750013 A-21 

A.3 Management Approach 
The technical phases of NCHRP 12-70 Project, as described in Sections 2.1 and 2.2 of this 
Working Plan, will utilize the management approach described below.  

A.3.1 Management Structure  
Management efforts will focus on providing the right technical resources when and where 
needed, as well as overall quality assurance and control, and cost and schedule control. Key 
staff responsible for management of the project will be Don Anderson, Project Director, and 
Jim Siebels, principal-in-charge. These two individuals will be responsible for the overall 
delivery of the Project. Throughout this Project, they will seek the advice of the principal 
investigators, the Technical Advisory Panel, and the NCHRP Oversight Panel on technical 
and administrative requirements and direction of the project.  

A.3.2 Management Tools and Processes 
The approach used to manage this Working Plan will involve project controls, project 
endorsement, quality control, and communications, as summarized below.  

• Project Controls: Project control will begin with the development of a detailed plan, 
including resources to be applied. Project budgets and schedules will be established, as 
well as methods for measuring and reporting progress. An essential element of 
management will be measuring work completed against budget expenses. The 
procedures used at CH2M HILL are compatible with the reporting requirements of 
NCHRP. 

• Project Endorsement: At Project inception, a complete set of project instructions will be 
prepared and issued to participants. These will outline roles and responsibilities, 
communication protocols, schedules, writing and word processing standards, etc. 
Linkages between staff hour requirements and technical tasks will be confirmed. Quality 
control procedures and responsibilities will be outlined. The project instructions will be 
reviewed and discussed at an endorsement meeting. This meeting will be held by 
conference call to minimize expenses. One of the key benefits of this endorsement 
meeting is that the entire team will understand the importance of each milestone, and 
the members of the research team will, as a group, identify any impediments to the 
successful completion of the Working Plan.  

• Quality Control: Overall quality control will be the responsibility of the Project Director, 
Don Anderson. Individual components will be reviewed by the principal investigators 
and the Technical Advisory Panel, as the developments become available. The Project 
Director will ensure that these reviews are being performed, particularly before delivery 
of any information to NCHRP. The Project Director will also determine when to bring 
the Technical Advisory Panel into the review process. Quality control will be applied to 
budget, schedule, and costs, as well as the technical elements of the work. Procedures 
and requirements will follow CH2M HILL’s Transportation Business Group Quality 
Management Plan. A copy of this plan can be provided upon request. 
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• Website Communications: The research team includes members from a wide geographic 
area. Maintaining strong, open communications will be essential to successful, efficient 
coordination of project activities. CH2M HILL will develop a project communication 
plan to handle all communications, documents, etc. The centerpiece of the 
communication plan will be a project management website to serve communication 
needs. This website will be hosted by NCHRP. The project website will be secure 
(password protected), with access provided to the Project Team, NCHRP, and the 
NCHRP Oversight Panel. Reports, data, technical memoranda, etc., will be posted on the 
website, with procedures established for QA/QC reviews and comments.  

• Research Team Communications: The Project Director, principal-in-charge, and 
principal investigators will hold regular meetings or conference calls to discuss progress, 
identify impediments, and plan future activities. Conference calls will also be held on a 
regular basis for all staff involved with the project, including the Technical Advisory 
Panel. These calls will have specific agenda items and offer the opportunity for all staff 
to discuss, exchange information, and resolve problems or coordinate activities in real 
time, without requiring the expense and time for travel. The NCHRP project manager 
will be welcome to participate in these calls. Depending on the content of the calls, the 
use of Microsoft NetMeeting will be employed for the purposes of showing graphics, 
reviewing a brief presentation, etc.  

A.4 Anticipated Research Results 
The anticipated research results from the research program described above are 
summarized in the following. These results generally consist of reports, specifications, 
commentary, and worked examples. When preparing these documents, a key objective will 
be to ensure that the documents are suitable for use by DOTs and their consultants and that 
the guidance provided is appropriate for both WUS and CEUS. 

A.4.1 Products Expected from the Research 
The products expected from this research are summarized in Exhibit 9. 

EXHIBIT 9  
Product Summary 
Task & Phase Purpose Considerations 

Phase 1 Report 
(Task 5) 

Document Task 1-4 studies including 
the data collection and review 

Report to identify problem areas and knowledge gaps, 
recommend analytical methodologies for development, and 
propose a detailed work plan 

Phase 1 Report 
(Task 8) 

Document results of approved work 
plan studies (Task 6 and 7) 

Report to provide 
1. Details of the specific analysis and design methodologies 

developed, including design charts, related computer 
programs, and validation analyses. 

2. Comparison with existing methods of analysis, if 
applicable. 

3. Representative examples of analysis and design for 
each of the developed methodologies. 

Separate sections will be provided on each of the design 
elements including those on retaining walls, slopes and 
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EXHIBIT 9  
Product Summary 
Task & Phase Purpose Considerations 

embankment, and buried structure elements. Each section 
will include discussions on methods to determine seismic 
loading, soil and material strength parameters, and 
performance limit states of the design element. 
Appendices to the Report will include: 
1. Documentation and verification of the computer program 
2. Notes from conference call and possible workshop 
3. An annotated outline of LRFD specifications, 

incorporating the developed analysis and design 
methodologies 

Phase 2 Draft 
Report 

Document recommended 
specifications, including a companion 
commentary and examples 

Report to illustrate the applications of key features of the 
specifications, and potential impacts. 

Phase 2 Final 
Report 

Document entire research effort, 
including second draft of the 
recommended specifications and 
commentary as an appendix. 

Report to include appendices giving design examples and an 
analysis of impacts of implementation of the recommended 
specifications. The description of the entire research effort 
will include summaries of material documented in the Phase 
1 Report on developed analysis and design methodologies. 

 

A.4.2 Audience for Products 
The end users of the products developed in the Project will be primarily geotechnical and 
structural engineers in state DOTs and consultants working on transportation projects. 

A.4.3 Assessment of Impediments to Successful Implementation 
The following are common impediments to implementation of new seismic design 
procedures. These impediments will be considered during the completion of this Working 
Plan. 

• The implied design is too costly. 

• The design procedure is too complex or difficult to follow. 

• Often, there are conflicting requirements between more seismically active states in the 
WUS, particularly in California, and those from less seismically active states in the 
CEUS. 

The Working Plan will minimize these potential impediments to implementation. In 
particular, the Working Plan will ensure consensus that to the extent practical proposed 
development products will both be practical and address the needs of user groups in both 
the CEUS and the WUS. The basic framework of the LRFD format will provide for 
repairable damage states for shorter return periods (a common practice in the WUS) and in 
no collapse damage states for longer return periods that are appropriate for the CEUS. 
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A.4.4 Activities for Successful Implementation 
At the onset of the proposed project, the concepts to promote implementation and to ensure 
that the Working Plan is not repeating some of the common mistakes will be discussed with 
NCHRP.  

It is also important that the activity on NCHRP LRFD specifications for static loading design 
be reconciled with this project. Modification of the material resistance factors for the seismic 
load case should be based on scientific knowledge of how material behavior changes from 
static loading to dynamic earthquake loading. Also, in a typical design process, a design 
naturally will start from long-term serviceability as opposed to no collapse for a safety level 
earthquake. The design for the static load case will have an inherent reserve that can 
withstand some level of earthquake load.  

As discussed in this Working Plan, structural experts will participate during the Project to 
clarify how this inherent reserve relates to earthquake capacity and the expected earthquake 
performance for typical statically designed structures. This will help in clarifying the 
interrelationship between static design versus seismic design. Also, consideration will be 
given to increasing the range of “no design” requirement to ease the difficulty of 
implementation for the end users. 

A.4.5 Criteria for Judging Implementation Progress 
The primary criterion for judging the progress will be related to the goal of acceptance by 
the various DOTs of the proposed technical products and specifications. A key 
consideration in this criterion will be communication with the end-users and evaluation of 
their feedback. 

A.4.6 Leadership in Applying the Research Product 
Application of the research products will rest primarily with the state DOTs and consultants 
active in transportation projects. Project team members will actively present technical 
papers at conferences, workshops and journal publications, describing the application of 
research products. 

A.5 Applicability of Results to Practice 
Throughout this Working Plan discussion, emphasis has been put on making the final 
products of this project applicable for practicing engineers from the Midwest and East 
Coasts and from DOTs and federal agencies. If this work is successful, then the design 
specifications and commentary will routinely be applied during the seismic design of 
retaining structures, slopes and embankments, and buried structures. Some of the specific 
benefits of this implementation are summarized below. 

A.5.1 Improvements in Transportation Practice 
Seismic design for retaining walls, slopes and embankments, and buried structures has been 
topics of significant diverse opinions among various segments of the practicing profession 
(consultants, DOTs, and contractors). Consensus between geotechnical versus structural 
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engineers, and active seismic states versus less seismic active states has been difficult to 
accomplish, with opinions ranging from no need for designing for earthquake loading to 
implementing overly complex procedures.  

A major objective in this Working Plan is to develop consensus among the various groups 
and to promote improved design practice in the most expeditious manner. The Working 
Plan takes advantage of a long history of interaction by the Project Team members with the 
FHWA and various DOT personnel. This history has formed a solid knowledge base on the 
technical issues that need to be solved. The Working Plan recommends several topics for 
development. Some of these have been exposed to state DOTs and have been favorably 
received. The analytical developments will be based on sound technical principles, and lead 
to significant improvements in transportation practice. 

A.5.2 Expected Audience 
The expected audience for the results and technical products and specifications from this 
Working Plan will primarily be geotechnical and structural engineers in state DOTs and 
consultants working on transportation projects. 

A.5.3 Practical and Implementable Products  
A major element necessary to ensure successful implementation of the Working Plan 
involves recognizing development in other ongoing related specifications and development 
activities, and also integrating the proposed method with other related activities. In 
addition, the Project Team will be active in promoting and soliciting feedback from the end-
users (largely the DOT personnel) over a wide geographical base. Early involvement from 
the NCHRP Oversight Panel will ensure that the product meets the practical needs of the 
end users and hence, maximizes the chance of expedient acceptance of the proposed 
methodologies by practitioners. In addition to what is outlined in this Working Plan 
regarding workshops, the Project Team we will also participate in the annual meetings of 
the AASHTO Subcommittee on Bridges and Structures and its Technical Committee for 
Seismic Design, to solicit feedback from the end-user. 
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Appendix B: Design Margin – Seismic Design  
of Retaining Walls 

The purpose of this evaluation is to assess the potential safety margin that exists for 
retaining walls designed without consideration of seismic forces. In general, several margins 
may be calculated based on the limit state and element investigated. For instance, the 
internal forces in a wall may be considered. Alternately overturning and/or sliding 
resistance may be considered. For the purposes of this investigation and for the sake of 
simplicity, only the internal forces in the wall, itself, are considered.  

B.1 Problem Description 
The example considered is the lateral force on a non-gravity cantilevered wall, specifically a 
soldier pile wall. The focus is on the design moment at the base of the lagging. One wall 
height, 25 feet, was considered in the calculation; however, the results are normalized such 
that the actual height is irrelevant. No tiebacks were considered. The soil friction angle used 
was 30 degrees, because this value produces the common static active-condition lateral force 
coefficient of 0.3. No water load was included behind the wall, and there was no live load 
surcharge.  

For the Mononobe-Okabe (M-O) calculations, the results of Appendix F of the July/Sept 
2005 NCHRP 12-70 Quarterly report were used. Only cohesionless soils were considered, 
even though the figures in the appendix include cohesion. For the purposes of this study, it 
is assumed that the capacity (first yield) of elements provided for the wall is exactly equal to 
the demands calculated for the wall. Additionally, the resistance factor for bending has been 
set at 1.0 for simplicity; thus the nominal resistance is the same as the factored resistance. 

B.2 Conclusion from Analyses 
The calculations for this study are attached. The conclusions are as follows.  

• If one uses the approach where the static and seismic loads are split into separate 
contributions, then a positive margin can be calculated with certain combinations of load 
factors (i.e., numerically the wall has some spare capacity for handling seismic loading). 
These combinations are described further below. The seismic increment of the lateral 
load is taken as 0.5 *ΔKae*γ*H2, which acts at 0.6*H of the wall above the base. The 
variables are defined in the attached calculations. 

• If one uses the approximation of a uniform combined static and seismic load with its 
resultant at H/2, the increased lever arm, which is applied regardless of acceleration 
level, consumes the available margin that existed in the static design. This occurs 
because the change in lever arm from H/3 to H/2 produces a 50 percent increase in 
moment at the base of the wall. This approach is too crude, particularly for small 
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accelerations; thus the approach based on treating the seismic increment and static 
portions separately were used in this study.  

• Consideration of the design load factors is important. Literally, the current AASHTO 
LRFD Table 3.4.1-1 requires that a load factor of 1.5 be applied to the static portion of the 
load even for the seismic case, Extreme Event I. This is the same permanent load factor 
that is used for the basic strength design case, Strength I. Therefore if this 1.5 factor is 
required for both the strength and seismic load cases, then numerically there is no 
margin left over for the wall to resist seismic loads if seismic load was not directly 
considered in the design (Table A of the tables in the attached calculations).  

• If on the other hand, load factors of 1.0 are used for both for the static earth pressure and 
the seismic increment in Extreme Event I, then this wall could handle a lateral ground 
acceleration of 0.12g at the nominal strength level, taken as first yield. (Interpolation of 
the Mue/Mu column values in Table B). If the scattering/coherency coefficient were 0.5, 
then a nominal site peak ground acceleration (PGA) of 0.24g could be handled without 
yielding the wall. If one permitted a ductility demand (Mue/Mu) of say 2, then the wall 
could handle about 0.34g acceleration or a site acceleration of 0.68g if the scattering 
effect was 0.5. Thus depending on how much scattering and how much inelastic action 
was present, the wall could sustain a relatively large PGA and exhibit little or no 
outward signs of damage.  

Note also that because the wall moments with seismic loading, Mue, are normalized against 
the static wall moments, Mu, for assessment of potential margins, the margins calculated are 
independent of wall height. Additionally, increasing the soil friction angle to 35 degrees 
makes only a small difference in the resulting acceleration levels; so the conclusions are still 
approximately the same.  

For new design, one would not want to permit inelastic action in walls without making the 
potential for inelastic performance very clear to the designer and owner. The problem with 
permitting some minor damage (for example a nominal ductility demand of 2) is that 
damage may not be inspectable. For instance, a concrete wall would have tension cracks on 
the soil side of the wall. Inspectors could not access this side of the wall to inspect it or to 
implement repairs. Thus permitting some damage would be a different performance 
objective than what is implied in the code currently.  
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NCHRP 12-70  
Seismic Design of Walls 

         
Calculation of Margin Available for Walls Designed by LRFD Strength Procedures Only 
         
Wall: Assume a soldier pile wall (non-gravity cantilever wall)    
Procedure: Calculate the lateral design moment at the base of the lagging / top of the embedded 
pile for simplicity. This procedure focuses only on the lateral forces and not on overturning 
stability or sliding stability. For consistency, use the active condition Mononobe-Okabe design 
charts provided by Earth Mechanics in Appendix F of the July-Sept 2005 Quarterly Progress 
Report for the NCHRP 12-70 project. 

         
Soil, Design and Wall Parameters     

         
Soil     

Friction Angle (degrees), φ = 30     
Unit Weight (kcf), γ = 0.12     

No Water Table      
Neglect Wall Friction      

Lateral Earth Pressure Coefficient, Ka = 0.3     
Seismic Lateral Earth Pressure, Kae = Appropriate value from Appendix F figures for lateral 

acceleration level, kh (g). Corresponds to total static 
plus inertial effects.  

        
LRFD Design Parameters     

Controlling Permanent Load Factor, γp = 1.5 LRFD Table 3.4.1-1   
Earthquake Load Factor, EQ = 1.0 LRFD Table 3.4.1-1   

Resistance Factor, φf = 1.0 (Use 1.0 for simplicity.)  
        

Wall     
Height (feet), H = 25     

         
        

         
Design Moment at Base (k-ft/ft), Mu = 140.6  ( γp*Ka*γ*(H2/2)*(H/3) )  

Service Moment at Base (k-ft/ft), Mser = 93.8  (Ka*γ*(H2/2)*(H/3) )   
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 Table A   
        

 
Design Forces Based on γp = 1.5 for the Static Load 

Portion   
         
 kh  Kae ΔKae ΔPae Mue Mue/Mu   

 0.1 0.37 0.07 2.63 180.0 1.28 
No margin for 
seismic 

 0.2 0.45 0.15 5.63 225.0 1.60 
load, all values 
greater 

 0.3 0.58 0.28 10.50 298.1 2.12  than 1.0  
 0.4 0.73 0.43 16.13 382.5 2.72   

 0.5 1.1 0.8 30.00 590.6 4.20   
         
         
         
         
 Table B   
         

 
Design Forces Based on γp = 1.0 for the Static Load 

Portion   
         
 kh Kae ΔKae ΔPae Mue Mue/Mu   
 0.1 0.37 0.07 2.63 133.1 0.95 Mue/Mu is 1.0 for kh 

 0.2 0.45 0.15 5.63 178.1 1.27 
of 0.12 g; thus 
margin  

 0.3 0.58 0.28 10.50 251.3 1.79 exists for accels 
 0.4 0.73 0.43 16.13 335.6 2.39 less than 0.12 g. 
 0.5 1.1 0.8 30.00 543.8 3.87   
         
         
 Notes: 1. kh = lateral acceleration coefficient in g's    
  2. Kae = total static plus earthquake load from Figure F-2  
  3. Δkae = Kae - Ka      
  4. ΔPae = 0.5*ΔKae*H2*γ, seismic force on wall   
  5. Mue = Mu + 0.6*H*ΔPae, total moment at base of wall   
         



 

CVO\081750013 

APPENDIX C 

Response Spectra Developed 
from the USGS Website





 

CVO\081750013 C-1 

Appendix C: Response Spectra Developed from 
the USGS Website 

This appendix presents design response spectra that were developed for the Project. These 
spectra were developed following the NCHRP 20-07 procedure. The NCHRP 20-07 Project 
used a 975-year earthquake, referred to as the 1,000-year earthquake, as the basis for 
developing revised AASHTO LRFD Bridge Design Specifications. The objective of the work 
described in this appendix was to establish the range in the ground motion characteristics 
that NCHRP 12-70 Project needed to consider in formulating design guidelines.1 

C.1 USGS Website 
At the current stage, the user is expected to use the USGS web site to extract relevant 
ground motion hazard data for constructing the AASHTO design response spectrum. The 
following link is used to reach the USGS site: 

http://earthquake.usgs.gov/hazmaps/products_data/48_States/index.htm 

The image below reproduces the computer screen obtained from the above web link. 

  
FIGURE C-1. Probabilistic Hazard Maps and Data from USGS web site. 

                                                      
1 At the time of the Project, the 975-year AASHTO ground motion hazard maps were still being developed by the USGS. 
Discussions in this appendix reflect information that was available from the USGS website at the time of the first interim report 
prepared for the NCHRP 12-70 Project. 

http://earthquake.usgs.gov/hazmaps/products_data/48_States/index.htm�
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C.2 Response Spectra Development 
Most of the options from the USGS web site have been geared toward producing maps and 
data for the 500-year (i.e., 10 percent probability of exceedance for 50 years) and the 2,500-
year (i.e., 2 percent probability of exceedance for 50 years) return periods. The only way to 
retrieve design information for the 1,000 year return period (i.e., 5 percent probability of 
exceedance for 50 years) involved using the interactive deaggregation link on the above 
USGS web page.  

As shown in Figure C-1, the USGS web link supports analyses for using either the 1996 or 
the 2002 seismic hazard modeling procedures (i.e., variations in seismic source model and 
attenuation relationships). The NCHRP 20-07 draft report did not clarify whether one 
should follow the 1996 or the 2002 USGS hazard mapping procedure. Therefore, a 
sensitivity study was conducted for both hazard models in the following sections. 

Upon choosing the 1996 or the 2002 modeling option, and after linking into the interactive 
deaggregation option, the user can enter the geographic coordinates (i.e., latitude and 
longitude) of the project site. The user needs to choose the probability of exceedance levels 
from one of the 6 options: 1, 2, 5, 10, 20, or 50 percent for exposure duration for 50 years. 
These levels of exceedance correspond, respectively, to the following return periods: 4,975, 
2,475, 975, 475, 224, and 72 year return periods. Then, the user can specify deaggregation 
solutions of spectral acceleration response at one of the seven response periods. These 
results are organized into two tables. Three periods of response: (i) 0-sec (i.e., PGA), 
(ii) 0.2-sec, and (iii) 1-sec are packaged together in one table if any of these three response 
period are requested and, the remaining periods of response: (iv) 0.1-sec, (v) 0.3-sec, 
(vi) 0.5-sec, and (vi) 2-sec are packaged together if one of these four periods is specified. 

The USGS website would then conduct the probabilistic hazard analysis and return the 
solutions in terms of the spectral acceleration level and the deaggregated magnitude and 
distance for scenario events corresponding to the specified return period. Table C-1 and 
Figure C-2 present typical results obtained from the USGS website from a seismic hazard 
analysis conducted for various cities in the United States.  

As discussed in this appendix, whereas uniform hazard solutions for the referenced soft 
rock (i.e., USGS Category B site condition), can be obtained for 7 periods of response 
ranging from 0 seconds (i.e., PGA) to 2 seconds, only two periods (0.2-second and at 1-
second) are used to anchor the spectral curve shape constructed following the proposed 
NCHRP 20-07 Project recommendations.2  

The following observations can be made: 

(1) Only two periods of response are used from the USGS hazard study, rather than 
the full uniform-risk hazard spectrum for constructing the design spectrum. This 
approach is taken so that site response effects (which are a very significant factor 
in affecting seismic loading) can be incorporated into the design process in a 

                                                      
2 Subsequently, AASHTO adopted a 3-point method of defining the spectrum. The 3-point method included the peak ground 
acceleration (PGA) in addition to the two periods recommended by the NCHRP 20-07 Project.  
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simple manner. The adjustments for local site effects are made by incorporating 
site response factors at the short periods (i.e., 0.2 second) and at the long periods 
(i.e., 1 second). 

(2) Because of the implicit spectral curve shape assumed by the NCHRP 20-07 
procedure, there is some inherent limitation in the resultant response spectrum 
constructed following the NCHRP 20-07 procedure. The major shortcoming is 
that the spectral curve shape is proportional to 1/T at very long periods. This 
1/T curve shape corresponds to a constant velocity assumption, which is only 
valid to some range of intermediate periods (probably up to may be about 
2 second). For the extremely long-period range (say beyond 6 second), a constant 
relative displacement is generally recognized to be more appropriate.  

This second observation is not necessarily a limiting factor in many situations. The 1/T 
curve shape will be inherently conservative when extrapolated to very long periods, 
especially when a design is conducted using a displacement-based procedure. The response 
periods for most common overcrossing highway bridge structures will be relatively short 
and not be affected by the conservative approach being taken. However, for some major 
overcrossing structures, such as suspension bridges, it may be necessary to depart from the 
1/T curve shape for the very long period of response. In this case project-specific ground 
motion hazard studies are usually conducted for such major bridge projects. 
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TABLE C-1 
5% Damped Referenced Uniform-Hazard Spectra from USGS Web Site at 8 Representative Cities  

 

Period 
(Second)

San 
Francisco, 

96

San 
Francisco, 

2002

Los 
Angeles, 

96

Los 
Angeles, 

2002 Seattle, 96
Seattle, 

2002
Salt Lake 
City, 96

Salt Lake 
City, 2002

Memphis, 
96

Memphis, 
2002

Evansville, 
Ill, 96

Evansville, 
Ill, 2002

Charleston
, 96

Charleston
, 2002

New York, 
96

New York, 
2002

0.00 0.6301829 0.6070000 0.5157355 0.5930000 0.4403223 0.4426000 0.4631282 0.4915000 0.3102824 0.3972000 0.1956338 0.2001000 0.3330228 0.4058000 0.1157466 0.1008100
0.10 1.0903976 1.1069000 1.0354738 1.3056000 0.8576376 0.8608000 0.9250220 0.9859000 0.7399701 0.9156000 0.4674985 0.4737000 0.7826341 0.9098000 0.2764427 0.2396000
0.20 1.3953001 1.4313000 1.2732452 1.4048000 0.9694732 0.9847000 1.0723356 1.1386000 0.5912839 0.7460000 0.3950489 0.4071000 0.6148123 0.7128000 0.2200318 0.1843000
0.30 1.4074591 1.3607000 1.1947511 1.3933000 0.8611206 0.8562000 1.0195360 1.0336000 0.4487044 0.5882000 0.3053792 0.3257000 0.4669880 0.5468000 0.1590141 0.1317000
0.50 1.2167480 1.1015000 0.8938485 0.9977000 0.6427900 0.6469000 0.7805473 0.7757000 0.2982502 0.3907000 0.2062726 0.2200000 0.3074246 0.3477000 0.0995696 0.0783800
1.00 0.7507404 0.6863000 0.4720707 0.6712000 0.3139063 0.3284000 0.4064575 0.4330000 0.1580781 0.1908000 0.1130344 0.1126000 0.1611623 0.1584000 0.0481395 0.0376800
2.00 0.3873417 0.3627000 0.2261477 0.2469000 0.1428993 0.1488400 0.1706118 0.1936000 0.0767810 0.0851600 0.0553927 0.0521300 0.0778842 0.0660500 0.0212940 0.0172600
Deag 

Magnitude at 
1-Sec

7.90 7.85 6.74 7.85 6.76 7.20 7.20 6.99 8.00 7.70 8.00 7.70 7.30 7.30 5.74 7.00

Deag 
Distance (Km)

11.80 11.50 13.40 12.00 4.80 6.97 2.00 1.70 30.60 59.70 165.50 164.20 14.60 23.50 36.10 413.90

 
 

TABLE C-2 
5% Damped Referenced (from above) After Normalized by PGA 
 

Period 
(Second)

San 
Francisco, 

96

San 
Francisco, 

2002

Los 
Angeles, 

96

Los 
Angeles, 

2002 Seattle, 96
Seattle, 

2002
Salt Lake 
City, 96

Salt Lake 
City, 2002

Memphis, 
96

Memphis, 
2002

Evansville, 
Ill, 96

Evansville, 
Ill, 2002

Charleston
, 96

Charleston
, 2002

New York, 
96

New York, 
2002

0.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
0.10 1.73 1.82 2.01 2.20 1.95 1.94 2.00 2.01 2.38 2.31 2.39 2.37 2.35 2.24 2.39 2.38
0.20 2.21 2.36 2.47 2.37 2.20 2.22 2.32 2.32 1.91 1.88 2.02 2.03 1.85 1.76 1.90 1.83
0.30 2.23 2.24 2.32 2.35 1.96 1.93 2.20 2.10 1.45 1.48 1.56 1.63 1.40 1.35 1.37 1.31
0.50 1.93 1.81 1.73 1.68 1.46 1.46 1.69 1.58 0.96 0.98 1.05 1.10 0.92 0.86 0.86 0.78
1.00 1.19 1.13 0.92 1.13 0.71 0.74 0.88 0.88 0.51 0.48 0.58 0.56 0.48 0.39 0.42 0.37
2.00 0.61 0.60 0.44 0.42 0.32 0.34 0.37 0.39 0.25 0.21 0.28 0.26 0.23 0.16 0.18 0.17  
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Comparison among Site Class-B spectral shapes for various Seismological Regions 
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FIGURE C-2. Normalized Spectral Curve Shapes Tabulated in Table C-2 
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FIGURE C-3. Normalized Spectral Curve Shapes after Allowance for Site Effects  
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Because of copyright restrictions, the following paper could not be included in this 
appendix. This reference can be purchased through Science Direct or obtained through a 
library service at a university or another organization.  
 

Title:  Selection of Ground Motion Time Series and Limits on Scaling 
Authors: Jeannie Watson Lamprey and Norman Abrahamson 

Publication:  Soil Dynamics and Earthquake Engineering 
Vol. 26, Issue 5, May 2006, pp. 477-482. 
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Appendix E: Earthquake Records Used in 
Scattering Analyses 

In Appendix C, the expected design response spectra applicable to various regions in the US 
were developed. One of the tasks in the NCHRP 12-70 Project involved developing 
representative earthquake time histories for input to various analyses such as wave 
scattering and Newmark sliding block analyses. The input ground motions used in these 
analyses need to have an appropriate range in spectral shapes to account for potential 
variations in seismological and soil conditions across the US.  

From the spectral shapes compiled in Figure C-2 of Appendix C, a Soil Site Class E was used 
at a San Francisco site to characterize representative ground shaking for an Upper Bound 
(UB) ground motion condition. The New York City reference Class B soft rock site spectral 
shape was selected for a Lower Bound (LB) ground motion condition. These UB and LB 
ground spectral shapes should provide a reasonable bound for evaluating the range of 
potential behavior. From the spectral shapes shown in Figure C-3, a Seattle Class B soft rock 
site spectral shape was also selected to define an additional ground motion case, referred as 
the Mid ground motion condition. This case is representative of typical firmer ground 
condition within the WUS, but the Mid case also appears to be reasonable representation of 
ground motion characteristics for CEUS soil sites. For example, it can be observed that in 
Figure C-3 the proposed Mid spectral curve shape matches the spectral ordinate at 1 second 
for the New York City soil site spectrum. 

After developing the three normalized spectral shapes (referred to as the UB, LB and Mid 
spectral shapes), spectrum-compatible time histories were developed for various future 
response analyses. The following steps were involved in developing the input time histories: 

(1) Step 1. Selection of the appropriate start-up time histories. The USNRC library of 
earthquake records contained in the NUREG/CR-6728 document was used as a starting 
point. The USNRC database contains representative strong motion records not only 
from WUS but also for the CEUS seismological conditions. Table E-1 summarizes the 
startup motions selected from the library of strong motion record for design 
recommended in the NUREG/CR-6728 document. 

(2) Step 2. Modify the motion for spectrum compatibility. Earth Mechanic’s in-house signal 
processing program was used to iteratively adjust the startup motion for spectrum-
compatibility to the respective 5 percent damped target spectrum, followed by baseline 
correction. Figures E-1 through E-9 present plots of the resultant spectrum-compatible 
time histories. 
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TABLE E-1 
Summary of Startup Motions Based on NUREG/CR-6728 Database 
 

Details of Category of NUREG/CR-
6728 Time Histories Record Name Magnitude Distance (Km)

1992 Cape Mendocino, Shelter Cove Airport 7.1 33.8
1978 Tabas, Dayhook Record 7.4 17.0

1992 Landers, Twentynine Palms # 29 7.3 42.2
1979 Imperial Valley EQ., Superstition Mtn. Camera 6.5 26.0

1989 Loma Prieta EQ., Belmont-Envirotech 6.9 49.0
1971 San Fernando EQ., Lake Hughes # 4 6.6 26.0

1940 Imperial Valley, El Centro Array #9 7.0 8.3
1992 Erzcian, Turkey 6.9 2.0

1978 Tabas, Iran, Tabas Record 7.4 3.0

LB Spectral Shape

Mid Spectral Shape

UB Spectral Shape

CEUS Rock, M >7, D=10-50 Km

 WUS Rock, M=6-7, D=10-50 Km

WUS Soil, M>7, D=0-10 Km
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FIGURE E-1. Input Motion No. 1 (Cape Mendocino Record) for LB Spectral Shape 
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FIGURE E-2. Input Motion No. 2 (Tabas Record) for LB Spectral Shape 
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FIGURE E-3. Input Motion No. 3 (Landers Record) for LB Spectral Shape 
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FIGURE E-4. Input Motion No. 4 (Imperial Valley EQ Record) for Mid Spectral Shape 
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FIGURE E-5. Input Motion No. 5 (Loma Prieta EQ Record) for Mid Spectral Shape 
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FIGURE E-6. Input Motion No. 6 (San Fernando EQ Record) for Mid Spectral Shape 
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FIGURE E-7. Input Motion No. 7 (Imperial Valley EQ Record) for UB Spectral Shape 
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FIGURE E-8. Input Motion No. 8 (Turkey EQ Record) for UB Spectral Shape 
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FIGURE E-9. Input Motion No. 9 (Tabas EQ Record) for UB Spectral Shape 
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Generalized Limit Equilibrium Design Method 
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Appendix F: Generalized Limit Equilibrium 
Design Method 

The following examples demonstrate the application of generalized limit equilibrium 
procedure proposed in Chapter 4 in design of conventional cantilevered retaining walls. The 
examples show the application of limit equilibrium slope stability program SLIDE in 
computing the seismic lateral earth pressures. In addition, a displacement-based seismic 
design methodology has been adopted in order to reduce the seismic pressures on the 
retaining wall, as permitted by AASHTO 11.6.5 article. This procedure uses PGV and 
Newmark displacement correlations developed in Chapter 5, as well as height-dependent 
peak acceleration reduction factors established in Chapter 6. The following examples are not 
intended to provide a complete design for the walls; rather they demonstrate the application 
of procedures discussed in Chapters 5 to 7 in practical design situations. 

F.1 Methodology 
Cantilever retaining walls must to be designed for static and seismic conditions. Using the 
Allowable Stress Design (ASD) method for static loading conditions, the minimum factors 
of safety with respect to sliding, overturning, and bearing capacity are assumed as 1.5, 2 and 
3, respectively. 

If LRFD Specifications are used, the wall needs to be checked for the following load 
combinations: 

1. Service limit states: 

 Global stability, 
 Horizontal and lateral deformation. 

2. Strength limit states: 

 Bearing resistance failure, 
 Lateral Sliding, 
 Excessive loss of base contact, 
 Structural failure. 

The basic approach involves computing the yield acceleration using the Service I limit state 
load combination. The resulting earth pressure (the earth pressure corresponding to yield 
acceleration) should then be used in Extreme I limit state to check for bearing resistance, 
excessive loss of base contact, and structural failure. However, a wall designed using an 
allowable displacement criterion might not satisfy the lateral sliding criteria in Extreme I 
limit state, due to load factors incorporated for earth pressure. 

Here for simplicity the ASD method calculations have been shown. The LRFD calculation 
for earth pressure, yield acceleration, and permanent displacement should be carried out 
using Service I limit state and are almost identical to ASD. Instead of checking for the 
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minimum overturning, sliding, and bearing capacity safety factors, the wall must provide a 
Capacity to Demand Ratio (C/D) of over 1.0 for lateral sliding, eccentricity, and bearing 
resistance in Strength I and Extreme Event I limit states. 

F.2 Static and Seismic Design of a Cantilever Retaining Wall 
with 10 Degrees Backslope 

The geometry of the proposed wall is shown on Figure F-1. The native soil comprises 
cohesive soil with a friction angle of 20° and cohesion of 835 pounds per square foot (psf). 
The native ground will be excavated at a temporary slope of 1H to 1V, as shown on the 
following figure, and the wall will be backfilled with granular material with a residual 
internal friction angle of 30° and unit weight of 114.5 pounds per cubic foot (pcf). A backfill 
slope of 10° will be incorporated in order to reduce the height of the wall. The water table is 
at least 12 feet below the footing of the wall. The friction angle and cohesion between the 
footing and the soil are estimated to be in the range of two-thirds of their respective values 
for the foundation soil. 

The site is located in a seismically active zone, and the peak ground acceleration (PGA) is 
estimated to be 0.5g. The design spectral acceleration at 1 second period for the site is 0.4g. 

F.2.1 Active Earth Pressure 
The active earth pressure was calculated for static conditions, as well as for horizontal 
earthquake acceleration coefficients between 0.1 and 0.5. A limit equilibrium slope stability 
approach, using the program SLIDE, was used to evaluate the active pressure on the wall. 
For comparison purposes, the active pressures were also calculated using the Mononobe-
Okabe method. 

The forces acting on the wall and design assumptions are demonstrated on Figure F-2. To 
simplify calculations, the passive force is assumed to act horizontally (Rankine theory) 
which is a conservative assumption, and the effect of seismic inertial loading on passive 
pressures is neglected. 

Figure F-3 shows the limit equilibrium slope stability model (SLIDE model) used in the 
evaluation of active forces on the wall. The limit equilibrium model includes the 
unsupported slope and the wall reaction (EAE on Figure F-2). The actual geometry of the 
wall is not needed to be modeled; therefore, the slope stability model is relatively simple 
and can be set in a short time. The location of the wall reaction on the active wedge is 
assumed to be one-third of the height from bottom for static conditions, and one half of the 
height for seismic cases. Depending on the slope stability method used in the analysis, the 
location of the force may or may not affect the results. 

The wall reaction force on the unsupported slope is modified by the user until a factor of 
safety of 1.0 is achieved. Usually this can be accomplished by a few trials in a reasonable 
time. The reaction force corresponding to the factor of safety of 1 is equal to the active 
pressure on the wall. 
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FIGURE F-1. Geometry of the Retaining Wall and Soil Properties 
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FIGURE F-2. Force Diagram for the Cantilever Retaining Wall 
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FIGURE F-3. Limit Equilibrium Slope Stability Model (Slide Program) 

 
The active force calculated from this model depends on the method used for limit 
equilibrium analysis (e.g. Spencer, Janbu, or Bishop Methods). The Spencer method 
generally returns the most accurate results and has been used here for calculations. It is 
recommended that the designer check the internal forces acting on the active wedge after 
the slope stability analysis and ensure that the design assumptions are implemented 
correctly by the program. 

F.2.2 Active Pressure Forces 
Table F.1 shows the calculated active forces from the limit equilibrium model of Figure F-3. 
For comparison, the active forces calculated using Mononobe-Okabe equation are shown in 
the table. The results indicate that for static conditions, active forces calculated from SLIDE 
model are practically identical to Mononobe-Okabe equation. For the seismic condition, 
however, the calculated forces start to deviate, with the limit equilibrium model consistently 
resulting in lower active pressures.  

The active forces from two methods are compared graphically on Figure F-4. The 
Mononobe-Okabe equation fails to calculate the active pressure for a seismic coefficient of 
0.4 and above, because it is not physically possible to maintain the equilibrium of forces for 
a homogeneous backfill sloping at 10 degrees for such a high seismic coefficient. The limit 
equilibrium model, however, is capable of calculating the active force for seismic coefficients 
up to 0.5, because the failure plane stays within the weaker backfill material. 
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TABLE F.1 
Active Force Calculation Results for Wall with 10° Back Slope 

Seismic Coefficient kh 

Limit Equilibrium Active 
Force 

Mononobe-Okabe 
Active Force 

 (lbs/ft) (lbs/ft) 

0 (static condition) 10,850 10,831 

0.1 13,700 14,115 

0.2 17,500 19,070 

0.3 21,250 28,161 

0.4 25,050 n/a 

0.5 28,850 n/a 
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FIGURE F-4. Comparison between Active Force from SLIDE and Mononobe-Okabe Equation 

 
Figure F-5 compares the failure planes calculated by SLIDE and Mononobe-Okabe method 
for a seismic coefficient of 0.2. The figure demonstrates that Mononobe-Okabe method 
overestimates the driving force of the active wedge (by extending the back slope), and at the 
same time underestimates the resisting force along the failure plane by using the weaker 
material properties of the backfill for the entire soil behind the wall. 
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FIGURE F-5. Comparison between Failure Planes of SLIDE and Mononobe-Okabe for kh = 0.2 

 

F.2.3 Passive Pressure 
Some designers prefer to totally ignore the passive pressures on the toe side of the wall. The 
reason for ignoring the passive pressure is that the soil around the toe area, unlike the 
backfill, might not be compacted enough, so the actual passive force might be considerably 
lower than predicted values. The AASHTO LRFD Bridge Design Specifications (3rd edition, 
2004) summarizes the agency’s policy regarding passive pressure in Article 11.6.3.5 as 
follows: 

“Passive resistance shall be neglected in stability computations, unless the base of the wall 
extends below the depth of maximum scour, freeze-thaw or other disturbances. In the latter 
case, only the embedment below the greater of these depths shall be considered effective. 

Where passive resistance is utilized to ensure adequate wall stability, the calculated passive 
resistance of soil in front of abutments and conventional walls shall be sufficient to prevent 
unacceptable forward movement of the wall. 

The passive resistance shall be neglected if the soil providing passive resistance is, or likely to 
become soft, loose, or disturbed, or if the contact between the soil and wall is not tight.” 

For a displacement-based design methodology, the realistic estimation of passive forces is 
more important, because the sliding factor of safety and resulting yield acceleration is 
directly affected by passive pressure assumptions. The passive pressure is less significant 
for the overturning factor of safety, because its resultant is usually very close to the toe of 
the wall and does not result in large moments about the toe. 

The passive pressure (PPE component on Figure F-2) was calculated using the Rankine Earth 
Pressure Theory for cohesive soils. Using this theory, the passive earth pressure at depth z is 
calculated from the following equations: 
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Pp = Kp γ z + 2c √ Kp (F.1) 

Kp = tan2 (45 - φ/2) (F.2) 

The above equations result in earth pressure diagram of Figure F-6. Only the portion of the 
passive pressure acting on the footing slab is considered in the stability evaluation of the 
wall. 

neglected

2c  K 
P

D

K 
PγD

 

FIGURE F-6. Passive Earth Pressure Diagram from Rankine Theory 

 

F.2.4 Wall Stability Assessment 
A spreadsheet in Excel was used to evaluate the factors of safety against sliding and 
overturning, as well as bearing capacity of the footing. Active pressures calculated using the 
SLIDE program along with passive pressures from Rankine theory were used to evaluate 
the factors of safety. The calculations were carried out for the static case, as well as five 
pseudo-static cases with horizontal seismic coefficient between 0.1 and 0.5. In order to 
demonstrate the significance of including the passive pressure in the calculations, the results 
are reported for both cases, with and without passive pressure. 

Based on these calculations, for static loading conditions the proposed retaining wall has 
factors of safety of 2.49, 4.19 and 7.57 against sliding, overturning, and bearing capacity, 
respectively. These factors of safety are greater than minimum required values of 1.5, 2.0 
and 3.0 for sliding, overturning and bearing capacity; therefore the proposed design satisfies 
the requirements for static stability. 
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F.2.4.1 Yield Acceleration 
Figure F-7 presents the variation of sliding factor of safety versus horizontal seismic 
acceleration. Using this figure, the yield acceleration coefficient (ky) corresponding to factor 
of safety of 1.0 was determined to be 0.26. 
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FIGURE F-7. Sliding Factor of Safety vs. Horizontal Seismic Acceleration 

 
The factors of safety against overturning, corresponding to seismic acceleration coefficient of 
0.26 was estimated to be 1.41 (based on linear interpolation between kh = 0.2 and 0.3 values). 
Also, the factor of safety against foundation bearing failure corresponding to seismic 
acceleration coefficient of 0.26 was estimated to be 1.20, based on linear interpolation. Based 
on these values, during the design seismic event the retaining wall will slide, before 
overturning or foundation bearing modes of failure are reached. Therefore the retaining 
wall satisfies the displacement-based design requirements. 

F.2.4.2 Earthquake-Induced Permanent Displacement 
The first step in evaluation of permanent displacement is to determine the peak average 
acceleration in sliding block (kmax) for the proposed wall condition. Based on studies in 
Chapter 7 and Appendix C, kmax can be estimated from the following parameters: 

kmax = Fpga PGA = 0.5 

Fv S1 = 0.4 

β = Fv S1/ kmax = 0.8 

Wall height (h) ≈ 23 feet 

Vs = 1312 ft/sec 
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Since β = 0.8, the seismic design criteria for the site corresponds to the average between mid 
level (β = 1.5) and lower bound (β = 0.5) design spectra. Using Figure 7-16 and the 
procedure described in Paragraph 7.5, the α factor for the wall is determined to be 0.86, 
resulting in a kav equal to 0.86×0.5 = 0.43. 

The peak ground velocity (PGV) for the site can be evaluated from the PGV-S1 correlation in 
Chapter 5. Using the mean plus one standard deviation correlation, PGV is estimated to be 
22 in/sec. 

Permanent seismic displacement can be evaluated using the Newmark correlations obtained 
in Chapter 5. The correlation for WUS and CEUS-Soil sites is appropriate for this retaining 
wall and is shown below: 

log (d)  -1.51 – 0.74 log(ky/kmax) + 3.27 log (1- ky/kmax) – 0.80 log(kmax) + 
1.59 log (PGV) 

 

Because of the height of the wall, kmax in the equation is replaced by kav to account for wave 
scattering effects. The following parameters were used to evaluate the displacement: 

kav = α kmax = 0.43  

ky / kmax = 0.26/ 0.43 = 0.60  

PGV = 21.8 in/sec  

Using these parameters and above equation, the mean earthquake-induced displacement 
was estimated to be in the range of 0.6 inch. The mean plus one standard deviation 
(84 percent confidence level) displacement is about two times mean value, or 1.2 inch. These 
displacements are negligible and the wall design would be judged as acceptable. 

Using the above parameters, the displacement correlation given in the current AASHTO 
Specifications would result in a displacement on the order of 2 inches. 

F.3 Static and Seismic Design of a Cantilever Retaining Wall 
with 2H to 1V Back Slope 

The proposed wall geometry is identical to Figure F-1, except the back slope angle which is 
2H to 1V (horizontal to vertical) instead of 10 degrees. The new geometry is shown on 
Figure F-9. The soil properties for the foundation and backfill are identical to the previous 
example. 

F.3.1 Active Pressure 
The same methodology as Example 1 was used to evaluate the static and seismic active 
pressures on the retaining wall. The results are shown in Table F.2. The Mononobe-Okabe 
equation gives practically identical results for static case, but fails to calculate the seismic 
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FIGURE F-9. Proposed Geometry and Soil Properties of the Retaining Wall 

 
active pressures (tends to infinity) due to the increased slope angle and simplifying 
assumptions with respect to slope geometry and backfill properties inherent in this method. 

 

TABLE F.2 
Active Force Calculation Results for Wall with 2:1 Back Slope 

Seismic Coefficient kh 

Limit Equilibrium Active 
Force 
(lbs/ft) 

Mononobe-Okabe 
Active Force 

(lbs/ft) 

0 (static condition) 21,200 21,603 
0.1 28,900 n/a 
0.2 36,600 n/a 
0.3 44,350 n/a 
0.4 52,300 n/a 
0.5 75,500 n/a 
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F.3.2 Wall Stability Assessment 
By utilizing the spreadsheet for wall stability and the active forces form Table F.2, the factors 
of safety against sliding, overturning, and foundation bearing failure were determined to be 
1.12, 1.64 and 1.73, respectively. The factors of safety against sliding, overturning, and 
foundation bearing failure are smaller than minimum required values of 1.5, 2.0, and 3.0, 
respectively; therefore, the proposed design does not satisfy the requirements for static 
stability and the wall dimensions must be revised. 

F.3.2.1 Revised Wall Geometry 
The revised wall geometry is shown on Figure F-10. A shear key has been added in order to 
increase the resisting force against sliding. Also, the foundation width is increased from 13.1 
feet to 16.5 feet. The extra width is utilized in the toe side of the wall in order to reduce the 
bearing pressures and achieve more uniform stress distribution below the footing for static 
condition. The extra width will also contribute to the resisting force against sliding, due to 
cohesive material in the foundation. The active forces on the revised wall geometry are 
identical to the original case. 

The stability analyses for static condition resulted in factors of safety of 1.70, 3.33, and 6.97 
against sliding, overturning, and bearing failure, respectively. These factors of safety are 
greater than minimum required values of 1.5, 2.0, and 3.0 for sliding, overturning, and 
bearing failure; therefore, the revised geometry satisfies the requirements for static stability. 

F.3.2.2 Yield Acceleration 
Figure F-11 shows the variation of sliding factor of safety versus horizontal seismic 
acceleration. Using this figure, the yield acceleration (ky) corresponding to factor of safety of 
1.0 was determined to be 0.15. 

The factors of safety against overturning, corresponding to seismic acceleration coefficient of 
0.15 was estimated to be 1.73 (based on linear interpolation between kh = 0.1 and 0.2 values). 
Also, the factor of safety against foundation bearing failure corresponding to a seismic 
acceleration of 0.15 was estimated to be 1.76, based on linear interpolation. Based on these 
values, during the design seismic event the retaining wall will slide, before overturning or 
foundation bearing modes of failure are reached. Therefore the retaining wall satisfies the 
displacement-based design requirements. 
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FIGURE F-10. Revised Geometry for Retaining Wall of Example 2 
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FIGURE F-11. Sliding Factor of Safety vs. Horizontal Seismic Acceleration 
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F.3.2.3 Earthquake Induced Permanent Displacement 
The following parameters were used to evaluate the displacement of the revised retaining 
wall: 

 
kmax = Fpga PGA = 0.5 
Fv S1 = 0.4 

β = Fv S1/kmax = 0.8 
Wall height (h) ≈ 26.3 feet 

Vs = 1312 ft/sec 
 
Since β = 1.2, the seismic design criteria for the site corresponds to a mid level design 
spectrum. Based on Figure 7-16 and the procedure described in Section 7.5, the α factor for 
the wall is determined to be 0.87, resulting in a kav equal to 0.84×0.5 = 0.42. The peak ground 
velocity (PGV) for the site has been evaluated for the previous example and estimated to be 
21.8 inches/second. 

The following parameters have been used in Newmark equation for WUS and CEUS Soil 
sites: 

kav = α kmax = 0.42 

ky / kmax = 0.15/ 0.42 = 0.36 

PGV = 21.8 inches/second 

 
Using these parameters and above equation, the mean earthquake-induced displacement 
was estimated to be in the range of 4 inches. The mean plus one standard deviation (84 
percent confidence level) displacement is about two times mean value, or 8 inches. This 
displacement range could be judged acceptable. However, using the same parameters, the 
displacement correlation given in the current AASHTO guidelines would result in a 
displacement of about 15 inches. 
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Appendix G: Nonlinear Wall Backfill Response 
Analyses 

Current AASHTO guidelines use peak ground acceleration in conjunction with Mononobe-
Okabe analysis to compute seismic earth pressures for retaining walls, except for MSE walls, 
where amplification factors as a function of peak ground acceleration are used, based on 
studies by Segrestin and Bastick (1988). No adjustments for wall height are used. This 
appendix provides further discussions on the effects of wall height on the ground motions 
behind retaining structures. Both compliance between the backfill and non-linear soil 
properties are considered. 

G.1 Objectives, Approach, and Background 
Whereas wall height studies are documented in Chapter 5, these studies were based on 
scattering analyses for elastic soils, and did not include potential effects of impedance 
contrasts, between foundation and fills, and the possible influence of non-linear soil 
behavior. 

In this study, the Segrestin and Bastick analyses are re-examined using the one dimensional, 
equivalent linear computer program SHAKE to conduct response analyses and to perform 
additional parametric studies. The objectives of these studies were to evaluate the effect of 
wall height, input time histories, impedance contrast at foundation level, and acceleration 
levels. Comparisons are then made on acceleration levels for design. 

Segrestin and Bastick report on analytical and experimental studies performed on reduced-
scale and full-scale models in order to evaluate the dynamic response of MSE walls to 
seismic excitation. Early studies on this topic were conducted by Richardson et al (1977) 
using reduced scale experimental models. Other notable studies have been conducted by 
Terre Armée Internationale (1976), Seed et al. (1981), Chida et al. (1982), and Udaka (1982). 

• Chida used a half-scale model (3 meter high wall with a 1.4 meter sloping backfill). He 
performed a series of tests on shaking table using a frequency range of between 2 and 
7 Hz, for horizontal accelerations of 0.1g to 0.4g. The stresses in the reinforcing elements 
due to shaking on a vibrating table were measured. The accelerations on top of the 
reinforced soil mass were also measured in order to evaluate the amplification. Chida 
reported an amplification factor of 2 for shaking frequencies between 2 to 5 Hertz. 

• Seed et al. (1981) used analytical models to estimate the amplification in the reinforced 
soil mass due to earthquake. Their study suggested amplification ratios between 
0.85 and 1.20 for the maximum acceleration of 0.1g to 0.5g at the base of the wall. 

• Udaka (1982) carried out finite element analyses on two reinforced earth walls using the 
program SUPERFLUSH. The distribution of tensile force in reinforcement from 
SUPERFLUSH analyses and measurements by Chida compared very well. 
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G.2 Segrestin and Bastick (1988) Study 
The study reported by Segrestin and Bastick (1988) was again based on SUPERFLUSH 
models. Two wall heights (6 meters and 10.5 m) were examined in their study, both very 
common configurations in practice. They used three different site soil conditions, medium 
dense sands or firm soils (USGS Site Class D), very dense sands or stiff soils (USGS Site 
Class C) and rock (USGS Site Class B), with shear wave velocities of 820 feet per second 
(ft/sec), 1,300 ft/sec, and 3,300 ft/sec, respectively. They also used two recorded 
acceleration time histories from 1957 San Francisco earthquake (Golden Gate S80E record) 
and 1971 San Fernando earthquake (Castaic N21E record). Each time history was scaled to 
peak accelerations of 0.1g, 0.2g, and 0.4g, resulting in six ground motions. The main focus of 
Segrestin and Bastick research was the distribution of dynamic forces in reinforcement, as 
well as peak acceleration on top of the backfill, and average acceleration over the height of 
the wall. 

Segrestin and Bastick observed that the distribution of dynamic forces along the 
reinforcement was fairly uniform and the point of maximum tensile force didn’t change 
significantly during the earthquake. The dynamic increment of the tensile force was slightly 
larger for lower reinforcement layers with longer resisting length. This effect was more 
pronounced for 10.5 meter high model, which had non-uniform reinforcement comparing to 
a 6 meter wall with uniform reinforcement. In general, the results were in good agreement 
with both Chida and Seed et al. results. 

The acceleration distribution along the backfill height was also studied by Segrestin and 
Bastick. The amplification of acceleration at the top of the wall was approximately 2 for 
unfavorable cases (the structures sitting on hard rock foundations for 0.1g acceleration). The 
average maximum acceleration along the wall height, however, was found to be between 
0.95 (0.4g acceleration) to 1.35 (0.1g acceleration) times the reference acceleration at ground 
level for hard rock. Lower acceleration values are noted for the soft rock cases (Vs = 820 and 
1,300 ft/sec), but data were not provided in paper. Data for the 10.5 meter wall height were 
also not reported. 

Based on their analytical results, for design of MSE walls on rock foundations, Segrestin and 
Bastick recommend an average maximum horizontal acceleration (am)to be calculated from 
the following equation: 

g
a

g
a

g
am 00 )45.1( ⋅−=  (G.1) 

 
where a0 is the reference peak ground acceleration at foundation level. The above equation 
is recommended in AASHTO LRFD Bridge Design Specifications, Section 11.10.7 for seismic 
design of MSE walls. It should be noted that according to AASHTO, am is used to calculate 
the internal seismic forces on the wall mass, and the external dynamic earth pressure should 
be calculated from Mononobe-Okabe Method. In addition, AASHTO recommends the above 
equation for a0 values below 0.45, and for larger earthquakes, recommends that am equal to 
a0 to be used for design purposes. 
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However, we note that this is a very conservative assumption for design, and does not 
reflect lower accelerations appropriate for softer rock or soil foundations and the potential 
effect of height. 

To examine the issues it was decided to perform a series of one dimensional equivalent 
linear SHAKE response analyses. The first series of analyses replicated the Segrestin and 
Bastick study to see if a one dimensional solution could give similar results. Results are 
presented below. 

G.3 Simulation of Segrestin and Bastick Study Using SHAKE 
A 20-foot high compacted fill was examined in this study to simulate the Segrestin and 
Bastick study. The bedrock or foundation soil was modeled as a half space. SHAKE uses an 
equivalent linear approach to incorporate the nonlinear behavior of soil material during the 
earthquake. The nonlinear behavior of the soil is specified through shear modulus and 
damping reduction curves for each nonlinear layer. 

G.3.1 Soil Properties 
Three different shear wave velocities of 820 ft/sec, 1,300 ft/sec, and 3,330 ft/sec were 
assigned to the foundation soil in the SHAKE analyses, as used by Segrestin and Bastick. 
The version of SHAKE used in these analyses incorporated strain-compatible shear 
modulus and damping values for the half-space. The shear modulus and damping 
reduction curves by Idriss were assigned to this layer. These curves are shown on 
Figure G-1. 

For the backfill, a single soil condition was specified. The backfill in MSE wall construction 
usually comprises of granular material with a minimum internal friction angle of 30 
degrees. A constant unit weight of 125 pounds per cubic foot (pcf) and a variable maximum 
shear modulus of mG '70max σ=  was used in the analyses, where Gmax is the low-strain 
shear modulus (e.g., strains less than 0.001 percent) in kips per square foot (ksf) and σ’m is 
the mean principal effective stress at the center of each soil layer in pounds per square foot 
(psf). Similar values were used by Segrestin and Bastick and represent very dense sand with 
a relative density of approximately 90 percent. Figure G-2 shows the profile of maximum 
shear modulus and shear wave velocity versus depth for the compacted backfill material in 
this simulation. 

The average shear modulus and damping reduction curves recommended for sand by Seed 
and Idriss were specified for soil layers. These curves are shown on Figure G-3. 
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FIGURE G-1. Shear Modulus and Damping Reduction Curves used for Bedrock Material (Idriss) 
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FIGURE G-2. Gmax and Vs Profiles versus Depth for Backfill Material in Segrestin 
 and Bastick Simulation 
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FIGURE G-3. Shear Modulus and Damping Reduction Curves for Soil Layers 

(Seed and Idriss) 

G.3.2 Reference Ground Motions 
Two ground motion records used by Segrestin and Bastick: the 1957 San Francisco 
earthquake (Golden Gate S80E record) and 1971 San Fernando earthquake (Castaic N21E 
record). These same two records were used for model validation and comparison only, but 
were not used in the parametric study. For the parametric studies nine representative 
earthquake time histories were used for input excitation; each one was spectrally matched to 
Lower Bound, Mid, or Upper Bound Spectrum, as discussed in NCHRP 12-70 seismic 
loading criteria. Further documentation of the input motions used for the analyses can be 
found in Appendix E.  
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G.3.3 Comparison with Segrestin and Bastick Results 
Since a simplified one-dimensional model (i.e., SHAKE) was used for evaluation of dynamic 
response of MSE walls, the results needed to be validated against more rigorous analyses. 
The SHAKE results were compared to the results obtained by Segrestin and Baskick for the 
Golden Gate S80E and Castaic N21E records. Figure G-4 shows the distribution of 
maximum acceleration along the height of the 20-foot high MSE wall for a foundation with 
Vs = 820 ft/sec. Figure G-5 shows a similar graph for the Vs = 3,300 ft/sec case. The graphs 
are reasonably close to the ones provided by Segrestin and Bastick, in terms of both 
maximum acceleration levels and distribution of acceleration through the height of the wall. 

Table G-1 summarizes the SHAKE analyses results for 20-foot high wall using the ground 
motion records and foundation shear wave velocities identical to Segrestin-Bastick studies. 

Based on these results, the simplified SHAKE model provides predictions of amplified peak 
acceleration on top of the wall, as well as maximum average acceleration along the wall 
height generally similar to values reported by Segrestin and Bastick, and provides 
confidence in the simplified one-dimensional analysis. 

G.4 Parametric Study 
The effect of various parameters (including height, impedance contrast and acceleration 
levels) on the ratio of average maximum seismic acceleration to reference peak ground 
acceleration at foundation level (am/a0) has been examined through a series of SHAKE 
analyses. The analyses used the same time histories as discussed previously in Chapter 5 for 
the scattering studies. Heights of 20, 50, and 100 feet were used combined with similar 
foundation conditions used for the Segrestin and Bastick study. 

A slightly different shear modulus profile was used for the parametric study. The maximum 
shear modulus in these analyses was calculated from mG '59max σ= , corresponding to a 
relative density of about 75 percent. This equation provides a more realistic estimate of 
shear modulus in compacted fills used in MSE walls. Figure G-6 shows the profile of 
maximum shear modulus versus depth for the compacted backfill material in parametric 
study. 

Nine ground motions were used in the parametric study. These motions have three different 
ratios of β = S1/ a0, scaled to peak ground accelerations of 0.1g, 0.2g, and 0.4g – resulting in 
27 input motions. The SHAKE analyses were performed for different wall heights of 20, 50, 
and 100 feet and three different foundation shear wave velocities of 820, 1,300 and 3,300 
ft/sec, resulting in 243 data points.  

Based on an extensive study of the results, it was determined that  

• the wall height (h), shear wave velocity of the foundation (Vs) and normalized spectral 
acceleration at 1 second (β = S1/a0) are the most significant independent parameters in 
this study  
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FIGURE G-4. Maximum Acceleration versus Depth for 20-ft High Wall 

on 820 ft/sec Foundation 
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FIGURE G-5. Maximum Acceleration versus Depth for 20-foot High Wall 

on 3,300 ft/sec Foundation 
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TABLE G-1 
Summary of SHAKE Analyses Results for 20-foot High Wall Model 

Input Motion 
a0 
(g) 

Foundation Vs 
(m/s) 

amax 
(g) 

am 
(g) am/a0 

Castaic N21E 0.1 250 0.11 0.10 0.97 
Castaic N21E 0.2 250 0.23 0.20 0.98 
Castaic N21E 0.4 250 0.47 0.38 0.95 
Golden Gate S80E 0.1 250 0.12 0.08 0.82 
Golden Gate S80E 0.2 250 0.23 0.17 0.83 
Golden Gate S80E 0.4 250 0.47 0.32 0.80 
Castaic N21E 0.1 400 0.14 0.12 1.17 
Castaic N21E 0.2 400 0.29 0.23 1.17 
Castaic N21E 0.4 400 0.58 0.45 1.12 
Golden Gate S80E 0.1 400 0.16 0.11 1.08 
Golden Gate S80E 0.2 400 0.30 0.22 1.08 
Golden Gate S80E 0.4 400 0.62 0.41 1.04 
Castaic N21E 0.1 1,000 0.19 0.15 1.46 
Castaic N21E 0.2 1,000 0.38 0.28 1.42 
Castaic N21E 0.4 1,000 0.65 0.50 1.25 
Golden Gate S80E 0.1 1,000 0.24 0.15 1.53 
Golden Gate S80E 0.2 1,000 0.39 0.30 1.52 
Golden Gate S80E 0.4 1,000 0.84 0.54 1.35 

 
FIGURE G-6. Gmax and Vs Profiles versus Depth for Backfill Material in Parametric Study 
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• The peak input acceleration at foundation level (a0) was determined to have a weaker 
correlation with α = am/a0 ratio than β ratio. The latter ratio (β) is approximately 0.4, 1.2, 
and 1.6 for the records spectrally matched to lower bound, average, and upper bound 
design spectra. 

The effect of various parameters on α = am/a0 ratio is best examined through a set of 
conditioning plots, where the correlation between dependent parameter and one of the 
independent parameters is conditioned for different bins of other independent parameters. 

Figure G-7 shows the variation of the α versus wall height (h), plotted for different shear 
wave velocities and normalized spectral accelerations (β). Figure G-8 shows the variation of 
α versus β, plotted for different foundation shear wave velocities and wall heights. The 
individual plotted points reflect variations in time histories and acceleration levels. The 
solid lines on each graph show the best fit line for the data points on each graph. 

To simplify height dependent trends for design parameters, a simplifying expression was 
developed of the form: 

h⎟
⎠
⎞

⎜
⎝
⎛ −

+=
100

15.01 βα  
(G.2) 

 

where 

h = fill height 

β = the ratio of the peak spectral acceleration at 1 second period divided by the 
peak ground acceleration (PGA). 

 
The values from the above correlation are plotted as dashed lines on Figure G-7 graphs for 
comparison. For wall heights greater than 100 feet, the α coefficient may be assumed to be 
the 100-foot values. Figure G-9 shows the variation of α versus height for different input 
motion spectral shapes. 

For Site Class A and B foundation soils (hard and soft rock conditions) the above values of α 
should be increased by 20 percent. These increased values are superimposed on Figure G-7 
as dotted lines. 
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FIGURE G-7. Variation of Average Acceleration Ratio versus Wall Height 
(solid line = best fit of data; dashed line based on Equation G.2) 
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FIGURE G-8. Variation of Average Acceleration Ratio versus Normalized Sa at 1 Second 
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FIGURE G-9. Seismic Coefficient Ratio for Design of MSE Walls 
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Because of copyright restrictions, the following paper could not be included in this 
appendix. This reference can be purchased through Science Direct or obtained through a 
library service at a university or other organization.  
 

Title:  Seismic Design of Reinforced Earth Retaining Walls – The 
Contribution of Finite Element Analysis 

Authors: P. Segrestin and M.L. Bastick 
Publication:  Theory and Practice of Earth Reinforcement – Proceedings of the 

International Geotechnical Symposium on Theory and Practice of 
Earth Reinforcement, Soil Dynamics and Earthquake Engineering 
T. Yamanouchi, N. Miura & H Ochiai (eds) 
Fukuoka, Kyushu, Japan, October 1988, pp. 577-582. 
Balkema, Rotterdam 
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Appendix I: MSE Wall Example for AASHTO 
ASD and LRFD Specifications 

The objective of this appendix is to compare the ASD and LRFD versions of AASHTO 
Specifications for seismic design of MSE walls. A conventional MSE wall has been used as 
design example. Dead loads, as well as seismic loads have been incorporated in the design 
in accordance with AASHTO Specifications. The 17th edition of the AASHTO Standard 
Specification for Highway Bridges (2002) has been used as reference for ASD method. Third 
edition of AASHTO LRFD Bridge Design Specifications (2004) has been used as reference for 
LRFD method.  

I.1 Wall Geometry and Soil Properties 
The proposed wall geometry is shown on Figure I-1. The wall is reinforced using ribbed 
metal strips. The metal strip properties are shown in Table I-1. 
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FIGURE I-1. Geometry of MSE Wall  
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TABLE I-1 
Reinforcement Properties for MSE Wall 

Property Unit Value 

Yield Strength, Fy (ksi) 65.3 
Strength Reduction Factor - 0.55 
Gross Width of Strip, (b) (in) 2.0 

Vertical Spacing, Sh (ft) 2.46 
Vertical Spacing, Sv (ft) 2.46 

Design cross section area, Ac (in2) 20 
Uniformity Coefficient of Reinforced Soil, Cu - 4.0 
Friction angle along reinforcement-soil interface, 

�0, at top degree 60.97 

Friction angle along reinforcement-soil interface, 
�0, below 19.7 ft degree 34.0 

Pullout Resistance Factor, F*
, at top - 1.80 

Pullout Resistance Factor, F*
, below 19.7 ft - 0.67 

Scale Effect Correction Factor - 1.0 
Strength Reduction Coefficient at Connection - 1.0 

 
The soil properties for this example are shown in Table I-2. A PGA of 0.1g is specified for 
the design of the wall. AASHTO and DEMO82 use 50 percent of the PGA for design of the 
wall. 

 

TABLE I-2 
Soil Properties for MSE Wall 

Soil 
Unit Weight 

(pcf) 

Internal Friction 
Angle, φ 

(degrees) 
Cohesion 

(psf) 

Reinforced Soil 127 34 0 

Retained Soil 127 30 0 

Foundation Soil 127 32 0 

 
The same values for static and pseudo-static active pressure coefficient have been used in 
ASD and LRFD methods. Also, identical bearing capacity coefficients have been used in two 
methods. Other assumed design values, which are common between two methods, are 
shown in Table I-3. 

Even though it is possible to design the MSE walls for variable reinforcement lengths, in 
practice a uniform length is generally utilized. Here in order to simplify the comparison a 
uniform length for steel strips has been used. 
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I.2 MSEW Computer Model 
The computer program MSEW (ADAMA Engineering, Inc. 2005) has been utilized to design 
the wall. The new version of the program (Version 3.0) is capable of designing the MSE wall 
based on both ASD and LRFD design specifications. 

The final layout for both methods (ASD and LRFD) is analyzed using MSEW 3.0 program. 
The design process involves checking for the following criteria: 

• Bearing capacity, 
• Direct sliding (at different levels), 
• Eccentricity (at different levels), 
• Metal strip strength (at different levels), 
• Connection strength (not presented here), 
• Reinforcement pullout (at different levels), 
• Global stability (deep-seated failure). 

 

TABLE I-3 
Design Assumptions for MSE Wall 

Property Unit Value 

Design Height of the Wall ft 16.4 
Equivalent Back Slope Angle Degree 11.3 
Static Active Pressure Coefficient for Internal 

Stability, Ka 
- 0.28 

Static Active Pressure Coefficient for External 
Stability, Ka 

- 0.35 

Pseudo-Static Active Pressure Coefficient for 
External Stability, Kae 

- 0.49 

 

I.2 Results Comparison 
In the following sections the final values for the above design criteria for ASD and LRFD 
methods are compared. It should be noted that the final design reinforcement length for 
ASD and LRFD methods were 13.03 feet and 15.94 feet, respectively. In other words, the 
LRFD method resulted in longer uniform reinforcement lengths for the same design layout. 
The following comparison, however, is based on minimum reinforcement length of 15.94 
feet which satisfies both design criteria. 

I.2.1 Bearing Capacity 
The bearing capacity check results based on a design reinforcement length of 15.94 feet are 
compared in Table I-4. 

I.2.2 Direct Sliding 
Direct sliding controls results based on a design reinforcement length of 15.94 feet are 
compared in Table I-5. 
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TABLE I-4 
Bearing Capacity Comparison between ASD and LRFD Methods 

Design 
Method Design Value Unit 

Static 
Condition 

Seismic 
Condition 

Ultimate Bearing Capacity, qult psf 22,699 18,243 
Meyerhof Stress, �v psf 3,575 4,484 
Base length ft 15.94 15.94 
Eccentricity, e ft 2.07 3.23 
Eccentricity, e/L - 0.130 0.202 
Calculated F.S. - 6.35 4.07 
Minimum Required F.S. - 2.0 1.20 

ASD 

Minimum Reinforcement Length(1) ft 11.32 11.26 
Ultimate Bearing Capacity, qult psf 14,122 11,992 
Meyerhof Stress, �v psf 5,083 6,038 
Base Length ft 15.94 15.94 
Eccentricity, e ft 2.32 3.17 
Eccentricity, e/L - 0.146 0.199 
Calculated C/D - 2.78 1.99 
Minimum Required C/D - 1.0 1.0 

LRFD 

Minimum Reinforcement Length(1) ft 9.59 12.22 
(1) This row represents the minimum uniform reinforcement length that satisfies the design criteria. The 

calculated values, however, are based on minimum reinforcement length of 15.94 ft. 
 

TABLE I-5 
Direct Sliding Comparison between ASD and LRFD Methods 

Design 
Method Design Value Unit 

Static 
Condition 

Seismic 
Condition 

F.S. at Foundation Soil Level - 1.74 1.33 
F.S. at Strip Elevation of 0.98 ft - 1.93 1.49 
F.S. at Strip Elevation of 3.44 ft - 2.05 1.63 
F.S. at Strip Elevation of 5.91 ft - 2.19 1.80 
F.S. at Strip Elevation of 8.37ft - 2.35 2.01 
F.S. at Strip Elevation of 10.83 ft - 2.53 2.27 
F.S. at Strip Elevation of 13.29 ft - 2.74 2.60 
F.S. at Strip Elevation of 15.75 ft - 2.97 2.96 
Minimum Required F.S. - 1.50 1.25 

ASD 

Minimum Reinforcement Length ft 8.80 10.75 
C/D at Foundation Soil Level - 1.20 1.00 
C/D at Strip Elevation of 0.98 ft - 1.33 1.11 
C/D at Strip Elevation of 3.44 ft - 1.41 1.21 
C/D at Strip Elevation of 5.91 ft - 1.50 1.31 
C/D at Strip Elevation of 8.37ft - 1.61 1.45 
C/D at Strip Elevation of 10.83 ft - 1.73 1.61 
C/D at Strip Elevation of 13.29 ft - 1.87 1.81 
C/D at Strip Elevation of 15.75 ft - 2.02 2.02 
Minimum Required F.S. - 1.0 1.0 

LRFD 

Minimum Reinforcement Length ft 8.02 15.94 
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I.2.3 Eccentricity 
The eccentricity check results based on a design reinforcement length of 15.94 feet are 
compared in Table I-6. 

 

TABLE I-6 
Eccentricity Comparison between ASD and LRFD Methods 

Design 
Method Design Value Unit 

Static 
Condition 

Seismic 
Condition 

Eccentricity at Foundation Soil Level - 0.130 0.200 
Eccentricity at Strip Elevation of 0.98 ft - 0.117 0.178 
Eccentricity at Strip Elevation of 3.44 ft - 0.085 0.128 
Eccentricity at Strip Elevation of 5.91 ft - 0.053 0.081 
Eccentricity at Strip Elevation of 8.37ft - 0.022 0.038 
Eccentricity at Strip Elevation of 10.83 ft - -0.012 -0.005 
Eccentricity at Strip Elevation of 13.29 ft - -0.054 -0.052 
Eccentricity at Strip Elevation of 15.75 ft - -0.125 -0.125 
Maximum Allowed Eccentricity - 0.167 0.333 

ASD 

Minimum Reinforcement Length ft 10.30 10.09 
Eccentricity at Foundation Soil Level - 0.199 0.287 
Eccentricity at Strip Elevation of 0.98 ft - 0.181 0.258 
Eccentricity at Strip Elevation of 3.44 ft - 0.137 0.191 
Eccentricity at Strip Elevation of 5.91 ft - 0.094 0.129 
Eccentricity at Strip Elevation of 8.37ft - 0.052 0.072 
Eccentricity at Strip Elevation of 10.83 ft - 0.008 0.017 
Eccentricity at Strip Elevation of 13.29 ft - -0.042 -0.040 
Eccentricity at Strip Elevation of 15.75 ft - -0.120 -0.120 
Maximum Allowed Eccentricity - 0.25 0.40 

LRFD 

Minimum Reinforcement Length ft 10.27 10.93 
 

I.2.4 Strength 
The strength check results based on a design reinforcement length of 15.94 feet are 
compared in Tables I-7 and I 
 

TABLE I-7 
Strength Comparison between ASD and LRFD Methods, ASD Results 

Actual Calculated F.S. Design 
Method 

Design 
Elevation 

Tavailable 
(lb/ft) 

Tmax 
(lb/ft) 

Tmd 
(lb/ft) Static Seismic 

0.98 ft 2,917 1,824 240 2.908 2.570 
3.44 ft 2,917 1,814 217 2.924 2.612 
5.91 ft 2,917 1,590 194 3.335 2.972 
8.37ft 2,917 1,346 171 3.941 3.496 

10.83 ft 2,917 1,059 163 5.007 4.339 
13.29 ft 2,917 741 163 7.160 5.869 
15.75 ft 2,917 342 163 15.492 10.494 

ASD 

Minimum Required F.S. 1.818 1.364 
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TABLE I-8 
Strength Comparison between ASD and LRFD Methods, LRFD Results 

Actual Calculated C/D Design 
Method 

Design 
Elevation 

Tavailable 
(lb/ft) 

Tmax 
(lb/ft) 

Tmd 
(lb/ft) Static Seismic 

0.98 ft 3,978 2,462 240 1.616 1.963 
3.44 ft 3,978 2,448 217 1.625 1.990 
5.91 ft 3,978 2,147 194 1.853 2.266 
8.37ft 3,978 1,817 171 2.189 2.668 

10.83 ft 3,978 1,430 163 2.782 3.329 
13.29 ft 3,978 1,000 163 3.978 4.561 
15.75 ft 3,978 462 163 8.607 8.483 

LRFD 

Minimum Required C/R 1.0 1.0 
 
It should be noted that connection control is identical to strength control and is not 
presented here. 

I.2.5 Pullout 
Pullout check results based on a design reinforcement length of 15.94 feet are compared in 
Tables I-9 and I 

 

TABLE I-9 
Pullout Comparison between ASD and LRFD Methods, ASD Results 

Available Pullout 
Pr, (lb/ft) Available F.S. 

Design 
Method 

Design 
Elevation 

Tmax 
(lb/ft) 

Tmd 
 (lb/ft) Static Seismic Static Seismic 

0.98 ft 1,824 240 4,619 3,696 2.533 1.791 
3.44 ft 1,814 217 4,277 3,421 2.358 1.685 
5.91 ft 1,590 194 3,777 3,022 2.375 1.694 
8.37ft 1,346 171 3,176 2,541 2.360 1.675 

10.83 ft 1,059 163 2,691 2,153 2.540 1.761 
13.29 ft 741 163 2,191 1,752 2.958 1.939 
15.75 ft 342 163 1,533 1,226 4.477 2.426 

Minimum Required F.S. 1.500 1.125 

ASD 

Minimum Reinforcement Length 12.60 13.03 
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TABLE I-10 
Pullout Comparison between ASD and LRFD Methods, ASD Results 

Available Pullout
Pr, (lb/ft) Available C/D 

Design 
Method 

Design 
Elevation 

Tmax 
(lb/ft) 

Tmd 
 (lb/ft) Static Seismic Static Seismic 

0.98 ft 2,462 240 4,250 4,534 1.727 1.678 
3.44 ft 2,448 217 3,949 4,213 1.613 1.580 
5.91 ft 2,147 194 3,501 3,734 1.631 1.595 
8.37ft 1,817 171 2,959 3,157 1.629 1.588 

10.83 ft 1,430 163 2,515 2,682 1.759 1.684 
13.29 ft 1,000 163 2,051 2,187 2.051 1.881 
15.75 ft 462 163 1,429 1,524 3.092 2.438 

Minimum Required C/D 1.0 1.0 

LRFD 

Minimum Reinforcement Length 12.51 12.78 
 

I.2.6 Global Stability 
Global stability was checked for a seismic coefficient of 0.05 (50 percent of PGA). The global 
stability check results based on a design reinforcement length of 15.94 feet are presented in 
Table I-11. 

 

TABLE I-11 
Global Stability Comparison between ASD and LRFD Methods 

Design 
Method Design Value Unit 

Static 
Condition 

Seismic 
Condition 

Minimum Global Stability F.S. - 1.285 1.160 ASD 
Minimum Global Required F.S. - 1.30 1.10 
Minimum Required Global Stability F.S. - 1.209 1.062 LRFD 
Minimum Required Global Stability F.S. - 1.30 1.10 

 

I.2 Summary of MSE Wall Design Comparison 
Based on these results the LRFD method requires longer reinforcement lengths in 
comparison to ASD method for the same MSE wall layout. The main difference between two 
methods is the direct sliding, where the load factors in LRFD method result in lower 
resisting forces against sliding. 

In order to extend these findings to general cases more cases with higher seismic coefficients 
must be analyzed. 
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Appendix J: Slope Stability Example Problem 

This appendix provides details for a slope stability example problem. The purpose in 
conducting this slope stability analysis was to test procedures being recommended for the 
evaluation of slope stability during a design seismic event. These procedures included the 
calculation of (1) a height-dependent wave-scattering factor, referred to as the α factor, and 
(2) the permanent displacement of a typical slope using the updated Newmark 
displacement relationship. 

J.1 Problem Description 
The slope stability problem was taken from an on-going project located near Seattle, 
Washington. The project involves widening of an existing 2-lane roadway to accommodate 
projected traffic increases. The widening will be accomplished by cutting into an existing 
slope.  

A steep slope exists on the downhill side of the existing roadway. The slope ranges in 
steepness from 2H to 1V (horizontal to vertical) to as steep as 1H to 1V in some locations. 
The “over-steepened” slope conditions are the result of past glacial loading in the Puget 
Sound region. Geologists believe that up to 4,000 feet of ice once occurred in this area. This 
has led to a heavily overconsolidated granular till along the roadway alignment. 
Approximately 15 feet of granular fill were placed over the fill during the original 
construction of the roadway. 

The owner has expressed concern about the seismic performance of the “oversteepened” 
slope on the downside of the roadway during a design earthquake. Normally, an existing 
slope such as this would not be evaluated for seismic performance since the widening of the 
road will occur on the up-hill side of the roadway, primarily because of the environmental 
consequences of working on a steep hillside about a stream. However, the roadway will be 
heavily traveled, and therefore the owner would like to know the potential risk to the 
roadway users. If necessary, the slope could be flattened or some other ground 
improvement method could be used to improve stability. 

Analyses were conducted to evaluate the performance of the slope during seismic loading. 
In order to evaluate risk, a range of earthquake sizes were considered. Performance was 
evaluated by estimating permanent ground displacements at the edge of the travel lane for 
the new roadway, which was located approximately 10 feet from the crest of the slope. 

This stability problem was made somewhat more complicated by the uncertain strength 
properties of the till. The till was primarily silty sands with gravels. Blowcounts from 
Standard Penetration Tests (SPTs) were generally very high indicating a dense condition. 
With some slopes standing as steep as 1H to 1V, the friction angle of the granular soil could 
be as high as 45 degrees. However, common practice in the area is to assign the till either of 
two strengths: (1) φ = 42 degrees and c = 0 pounds per square foot, or (2) φ = 38 degrees and 
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c = 200 pounds per square foot. A lower bound till strength of φ = 36 degrees and c = 0 
pounds per square foot has also been used on some occasions. 

Another complicating factor is that a perched water table was found on top of the till in the 
roadway fill during the field explorations. Piezometer measurements suggest that this 
perched groundwater level does not change much during the drier seasons. A second 
groundwater table exists at the bottom of the slope.  

J.2 Geometry, Soil Properties, and Earthquake Parameters 
Seismic stability of the natural slopes was evaluated for the following conditions: 

• Slope angles ranging from 2H to 1V up to 1H to 1V 

• Soils comprised of glacial till and fill. Till is a dense silty sand with gravel. Standard 
Penetration Test (SPT) blowcounts range from 30 blows per foot to refusal. Soil strength 
values were interpreted from SPT blowcounts. A 15-foot layer of cohesionless fill is 
located above till.  

• Groundwater perched on top of till and at depth within till 

• PGA and S1 for site are estimated from the USGS website to range from 0.37g to 0.41g 
and from 0.46g to 0.56g, respectively, for the 1,000-year earthquake. The soil conditions 
are representative of Site Class C to D. 

Since the owner is also interested in the risk to the roadway facility, stability was also 
evaluated for a 10 percent probability of exceedance in 50 years (475-year event) and for a 2 
percent probability of exceedance (2,475-year event).  

J.3 Analysis Method 
The computer program SLIDE was used to perform the stability analyses. Factors of safety 
were first obtained for gravity loading to the slope. This step was then followed by pseudo 
static analyses where the yield accelerations for the various slope conditions (i.e., different 
slope angles and different till properties) were obtained. The yield acceleration is defined as 
the seismic coefficient that results in a factor of safety of 1.0. The Spencer method was used 
during the SLIDE analyses. 

No adjustment in strength properties were made for cyclic loading effects. It was felt that 
the granular nature of these soils in combination with the overall density would not lead to 
degradation of soil strengths during seismic loading. 

J.4 Results of Evaluations 
The following two subsections summarize the results of the earthquake and Newmark 
displacement analyses. 
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J.4.1 Earthquake Parameters 
Figures J-1 through J-9 show deaggregation plots for PGA, Ss, and S1, at the three earthquake 
return periods. 
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FIGURE J-1. Deaggregation Results for PGA at 975-Year Return Period 

 

FIGURE J-2. Deaggregation Results for Ss at 975-Year Return Period 
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FIGURE J-3. Deaggregation Results for S1 at 975-Year Return Period 

 

 

FIGURE J-4. Deaggregation Results for PGA at 475-Year Return Period 
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FIGURE J-5. Deaggregation Results for Ss at 475-Year Return Period 

 

 
FIGURE J-6. Deaggregation Results for S1 at 475-Year Return Period 
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FIGURE J-7. Deaggregation Results for PGA at 2,475-Year Return Period 

 

 

FIGURE J-8. Deaggregation Results for Ss at 2,475-Year Return Period 
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FIGURE J-9. Deaggregation Results for S1 at 2,475-Year Return Period 

The following table summarizes various parameters developed from these plots. Values for 
Fa and Fv were obtained from Tables 5-1 and 5-2 in Chapter 5; PGV was calculated from 
Equation (5-11) in Chapter 5; and the α factor was determined from Figure 7-16 in Chapter 
7. 

TABLE J-1 
Ground Motions for Example Problem 

Ground Motion Parameter 

Parameter Units Site Class 7% in 75 Years 10% in 50 Years 2% in 50 Years 

PGA  B 0.41 0.31 0.58 
Ss  B 0.92 0.68 1.30 
S1  B 0.30 0.22 0.44 
Ss/2.5   0.37 0.27 0.52 
Magnitude   6.8 6.8 6.8 

 C 1.00 1.10 1.00 Fpga 
 D 1.10 1.20 1.00 
 C 1.50 1.58 1.36 Fv 
 D 1.80 1.96 1.56 

in/sec C 25 19 33 PGV 
in/sec D 30 24 38 

β = Fv S1 / kmax   C 1.10 1.02 1.03 
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TABLE J-1 
Ground Motions for Example Problem 

Ground Motion Parameter 

Parameter Units Site Class 7% in 75 Years 10% in 50 Years 2% in 50 Years 

 D 1.20 1.16 1.18 
Failure Slope Height ft  15 15 15 

 C 0.93 0.93 0.93 α Factor per Equation 7-2 
 D 0.94 0.94 0.94 
 C 0.38 0.32 0.54 kav = α kmax  

 = α PGA Fpga   D 0.42 0.35 0.54 

 

J.4.2 SLIDE Results 
The computer program SLIDE was used to determine the static factor of safety and then the 
yield accelerations for the various cases involved. With the yield acceleration (ky), PGV, and 
kav, the estimated displacements from the analyses are summarized in Table J-2. The SLIDE 
analyses that support these calculations are shown Figures J-10 to J-25. 

TABLE J-2 
Results of Ground Displacement Estimates for Example Stability Evaluation 

Ground Motion Displacement (inches) 

Parameter Slope Angle 
Static C/D 

Ratio kyield 
7% in 75 

Years 
10% in 50 

Years 
2% in 50 

Years 

Upper Bound Till (φ = 42 degrees) 
Case 1 1H to 1V 0.9 NA NA NA NA 
Case 2 1.5H to 1V 1.3 0.13 6-9 3-5 14-18 
Case 3 2H to 1V 1.7 0.25 <1 <1 3-4 
Upper Bound Till (φ = 38 degrees, c = 200 psf) 
Case 1 1H to 1V 1.2 0.09 12-19 7-11 26-32 
Case 2 1.5H to 1V 1.6 0.26 <1 0 3 
Case 3 2H to 1V 2.0 0.32 0 0 <1 
Lower Bound Till (φ = 36 degrees) 
Case 1 1H to 1V 0.8 NA NA NA NA 
Case 2 1.5H to 1V 1.2 0.07 18-27 11-17 36-44 
Case 3 2H to 1V 1.5 0.17 3-5 1-2 8-11 

Note: (1) NA indicates no analysis conducted. Static factor of safety was less than 1.0. 
(2) Upper bound of range based on 84% confidence interval 

J.3 Conclusions 
The above summary indicates that the displacements ranged from zero to over 70 inches, 
depending on the assumptions made for soil properties, the design earthquake, and the 
steepness of the slope. This information allowed the owner and the design engineers to 
decide on the approach to take for the widening of the road.  
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FIGURE J-10. SLIDE results for 2H:1V slope, φ = 42 degrees, c = 0 psf, no seismic 

 

FIGURE J-11. SLIDE results for 2H:1V slope, φ = 42 degrees, c = 0 psf, seismic 
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FIGURE J-12. SLIDE results for 2H:1V slope, φ = 38 degrees, c = 200 psf, no seismic 

 

FIGURE J-13. SLIDE results for 2H:1V slope, φ = 38 degrees, c = 200 psf, seismic 
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FIGURE J-14. SLIDE results for 2H:1V slope, φ = 36 degrees, c = 0 psf, no seismic 

 

FIGURE J-15. SLIDE results for 2H:1V slope, φ = 36 degrees, c = 0 psf, seismic 
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FIGURE J-16. SLIDE results for 1.5H:1V slope, φ = 42 degrees, c = 0 psf, no seismic 

 

FIGURE J-17. SLIDE results for 1.5H:1V slope, φ = 42 degrees, c = 0 psf, seismic 
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FIGURE J-18. SLIDE results for 1.5H:1V slope, φ = 38 degrees, c = 200 psf, no seismic 

 

FIGURE J-19. SLIDE results for 1.5H:1V slope, φ = 38 degrees, c = 200 psf, seismic 
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FIGURE J-20. SLIDE results for 1.5H:1V slope, φ = 36 degrees, c = 0 psf, no seismic 

 
FIGURE J-21. SLIDE results for 1.5:1V slope, φ = 36 degrees, c = 0 psf, seismic 
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FIGURE J-22. SLIDE results for 1H:1V slope, φ = 42 degrees, c = 0 psf, no seismic 

 

FIGURE J-23. SLIDE results for 1H:1V slope, φ = 38 degrees, c = 200 psf, no seismic 
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FIGURE J-24. SLIDE results for 1H:1V slope, φ = 38 degrees, c = 200 psf, seismic 

 
FIGURE J-25. SLIDE results for 1H:1V slope, φ = 36 degrees, c = 0 psf, no seismic 
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Appendix K: Nongravity Cantilever Walls 

This section discusses nongravity cantilever retaining walls such as shown in Figure K-1, 
where the wall extends below the retained fills. The configuration for the nongravity 
cantilever walls can include (1) cases where there is lagging between isolated soldier piles, 
or (2) cases where the wall extends continuously below the excavation level as with sheet 
pile and secant pile walls.  

 

 
FIGURE K-1. Project Description 

K.1 Design Issues Involved in Nongravity Cantilever Walls 
Prior to developing the recommended specifications and commentaries for design in an 
AASHTO LRFD format, it was necessary to evaluate a number of basic design issues related 
to nongravity cantilever wall, such as those schematically shown in Figure K-2. From the 
deflection profile in the figure, it can be observed that designing nongravity cantilever walls 
involves both active and passive earth pressure conditions. The active pressure condition 
refers to the case where the wall moves away from the retained soil, and passive earth 
pressure condition refers to the case where the wall moves toward the retained soil mass. 
The at-rest earth pressure condition corresponds to the in-situ earth pressure condition for a 
level ground site; which can also be interpreted as the earth pressure on the wall prior to 
any lateral wall movement, assuming that an imaginary infinitesimally thin, smooth wall 
face is inserted in the ground.  
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FIGURE K-2. Definition of Various Zones in Relation to the Earth Pressure Problem 

 
Figure K-2 separates the various zones of the earth mass system into Soil Mass Zone 1 to the 
right of the retaining wall beneath the foundation grade and Soil Mass Zone 2 to the left of 
the wall. In Zone 2 the earth mass can be further subdivided into an upper zone where the 
fills are retained, and the deeper zone beneath the excavation foundation grade to the right 
of the wall. The earth pressure condition in the upper zone in the retained fill is relatively 
simple due to the fact that there is no soils on the right side of the wall to oppose the wall to 
deflect in a +x direction, and hence the only possible movement of the wall would be in the 
outward direction moving away from the soil mass. Therefore, the only possible earth 
pressure condition for this region is the active earth pressure condition. In the design 
process the active earth pressure acting in this zone is treated as a loading condition.  

The problem becomes considerably more complex for the portion of the wall below the 
depth of excavation (i.e., z below 20 feet). Complexity is introduced because wall deflection 
can be both in the positive x and the negative x directions, depending on the depth 
considered as shown schematically in the figure. Because soil masses exist on both sides of 
the retaining wall, two zones of earth pressure need to be considered: (1) for the soil mass to 
the right of the wall (defined as Soil Mass No. 1 in Figure K-2) and (2) for the soil mass to the 
left of the wall (defined as Soil Mass No. 2). Both active and passive pressure conditions are 
developed at any given depth for the embedded portion of the retaining wall. If the wall 
deflects in a +x deflection, soil reaction from Soil Mass No. 1 would be a passive pressure 
condition. However, simultaneously, the soil reaction from Soil Mass No. 2 would be an 
active pressure loading condition.  
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For other sections of the wall (e.g., the zone involving negative wall deflections), the reversal 
occurs, with active pressure from Soil Mass No. 1 but passive pressure reaction from Soil 
Mass No. 2. Also, the effects of the unbalanced overburden pressure to the right versus the 
left side of the wall face, reflecting the differential grade elevations on the left and right side 
of the wall, must be considered. All of the above factors (the sense and the amplitude of wall 
deflection along with the need to reconcile simultaneously active and passive earth pressure 
conditions) need to be properly evaluated when designing cantilever retaining walls 
constructed with piles.  

The basic problem in designing the nongravity cantilever retaining wall involves how to 
characterize the portion of the soil beneath the foundation grade in the design process. The 
soil mass in the embedded portion needs to be treated as soil resistance opposing the 
applied earth pressure load. The classic limit equilibrium approach is depicted in 
Figure K-3. The primary two questions are: 

(1) In what regions of the embedded portion of the wall does one need to introduce 
active pressure load in addition to the active pressure load prescribed over the upper 
zone above the foundation grade? 

(2) How should resistance be treated in the design process, and is it appropriate to deal 
with the design by limit equilibrium analyses only, without conducting load-
deflection analyses?  

To answer the above questions, an analysis for a typical retaining wall was conducted. Input 
to the analysis, including the appropriate loading and characterization of soil resistance in 
the solution process, was based on rational earth pressure theories, following procedures 
outlined in the literature and supplemented with results of recent research studies, 
particularly for the passive pressure problem for abutment walls. The research studies for 
the abutment design problem have been prompted by many case histories of abutment wall 
damage in past earthquakes. These recent studies (many of those funded by Caltrans) 
provide some missing wall load-deflection data pertinent to the passive earth pressure 
theory.  

Shamsabadi et al. (2007) provide a good summary of recent passive pressure experiments 
for abutment walls and pile-cap footing design. Earlier work by Shamsabadi (2006) also 
addressed other aspects of the earth pressure problem, as summarized below: 

(1) Analytical solutions were developed for ultimate active and passive earth pressure 
problems. This work included improved limit equilibrium solutions (over the 
classical Coulomb’s theory) for the more correct log-spiral failure surfaces for 
passive earth pressures. This solution accounted for wall-soil interface friction angle 
in determining the ultimate passive pressure capacity. This work also extended the 
earth pressure limit equilibrium determination to generalized c-φ soils, as oppose to 
the classical solutions of purely c or purely φ soils. 
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FIGURE K-3. Diagram Showing Limit Equilibrium Design Approach 
for Nongravity Cantilever Walls 

 
 

(2) Load-deflection test data were summarized from a number of abutment wall and 
pile cap tests conducted by various universities through funding from either 
Caltrans or FHWA. These data covered a comprehensive range of soil and wall 
configurations. A mechanistic, strain-wedge theory was formulated to relate the 
observed wall deflection to fundamental stress-strain curves for the site-specific soil 
conditions. A computer program was developed to define a load-deflection curve for 
a rigid wall deflecting toward the backfill. The strain-wedge model parameters were 
fit to several sets of the compiled experiments, and good agreement was shown 
between the numerical solutions with the comprehensive set of experimental data.  

The NCHRP 12-70 Project collaborated with Dr. Shamsabadi/Caltrans in a series of example 
problems to demonstrate the load-deflection characteristics of various wall-soil systems. The 
first example problem is schematically illustrated in Figure K-4. The example problem 
involves designing a 20-foot nongravity cantilever wall, where the wall retains a 20-foot 
thick fill. Continuous pile elements extend to an embedment depth of 20 feet below the 
foundation grade. For simplicity, the backfill and the foundation soils are assumed as 
homogeneous, dense sand characterized by a 40-degree friction angle. The 40-foot wall 
consists of a 24-inch thick reinforced concrete wall with an estimated EI of 2.8 x 1010 inch2-lb 
per foot of wall in the out-of-plane direction. This example served as a basis for developing 
recommended design procedures and guidelines for cantilever retaining walls.  
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FIGURE K-4. Design Example, Problem Statement 

 
The analysis of the cantilever wall basically involved formulating the earth pressure load 
and soil resistance in the design process. Figure K-5 presents the load-deflection solution 
that was developed in cooperation with Dr. Shamsabadi for the example defined in Figure 
K-4. Further details from the Shamsabadi’s earth pressure solutions will be presented in 
later discussions of the recommended implementation guidelines. At the present time, it is 
sufficient to note that the load-deflection curve in Figure K-5 is based on a friction angle of 
40 degrees for both the retained fills and the underlying foundation soils. A unit weight of 
120 pcf was assumed. The interface wall-soil friction angle used for calculating passive 
pressures was assumed to have a 22 degree friction angle.  

The limiting earth pressure values for the various earth pressure conditions are shown in 
Figure K-4 and listed below: 

• Static active pressure coefficient, Ka= (1 – sin φ) / (1+ sin φ) = 0.22 
• Static passive pressure coefficient, Kp = 10.0 from Samsabadi’s analytical solution 
• Static at-rest pressure coefficient, Ko = 1 – sin φ= 0.36 
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FIGURE K-5. Representative Soil Reaction-Wall Deflection Solution for Dense Sand 
 
The above earth pressure coefficients, when multiplied by the effective overburden pressure 
(i.e., γ z), define the amplitude of earth pressures for various wall deflection scenarios. The 
load-deflection solutions based on the strain-wedge approach were used to define the load-
deflection curve shown in Figure K-5. The deflection value to reach the minimum active 
earth pressure condition (i.e., in the – δ branch of the presented load-deflection curve) was 
approximated by the initial tangent modulus in the Shamsabadi passive pressure load-
deflection solution. A small offset in the deflection values of the load-deflection curve was 
introduced so that an appropriate static at-rest earth pressure condition (i.e., Ko = 0.36) at 
zero deflection value was achieved.  

The following comments and observations are first presented from the presented load-
deflection curve: 

(1) The ultimate passive pressure value (a maximum pressure condition) is much higher 
than the active pressure (a minimum pressure condition) for the typical dense sand. 
For the 40-degree friction angle sand (considered a typical condition where the fills 
and the foundation soils often function as subgrade of roadways which are 
compacted to support vehicle traffics), the ratio of the ultimate passive to active 
earth pressure is about 45. 
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(2) It can be observed that the ultimate active pressure is reached at a very small wall 
deflection (less than 0.0001 times the wall height). The small wall movement for the 
active pressure condition can be explained because the active pressure condition 
arises usually from unloading from a pre-existing in-situ pressure condition, say 
from the at-rest, condition. The associated soil stiffness for the condition to reach an 
active pressure condition would be the much stiffer unloading stiffness as opposed 
to an initial loading backbone stress-strain curve. This would imply a much smaller 
deflection value to mobilize the minimum ultimate active pressure condition. The 
small wall movement for active pressure is implicit in practice during design of most 
unrestricted free-standing retaining walls, assuming an active earth pressure 
condition as oppose to say, the at-rest Ko condition. Conversely, it can be observed 
that if a mechanism exists to create a passive earth pressure condition where the wall 
is pushed into the retained fill, an extremely small wall movement is all that is 
necessary to develop an induced earth pressure significantly higher than the active 
earth pressure condition. This has some implication for anchored (tieback) walls 
where the walls are typically prestressed by the loading and locking off the anchor at 
a design. The prestressing can easily move the wall a fraction of an inch into the 
backfill and hence the wall can experience an earth pressure condition significantly 
different from the theoretical active pressure condition. Also, if strands are used to 
connect the wall face to the grouted anchor (i.e., as opposed to bar), the lock-off force 
is normally designed to ensure that the strand will remain tensioned for the entire 
service life of the wall, which again can be significantly different from the theoretical 
active earth pressure assumption. These issues need to be considered when 
designing cantilever walls with anchors. 

(3) As shown in Figure K-4, the classical Rankine’s earth pressure equations  
(Ka = (1 – sin φ) / (1+ sin φ) ) are commonly used for static active earth pressure 
conditions. The Rankine theory implicitly assumes a planar failure mechanism in the 
soil mass and a smooth wall-soil interface. Whereas it might not be rigorously 
correct to make these assumptions, the Rankine’s equation generally leads to 
reasonable active earth pressure values. Also, the classical equation Ko = 1 – sin φ 
generally gives reasonable at-rest earth pressure conditions for sands. 

(4) From the figure, it can be observed that whereas it takes an extremely small wall 
deflection to achieve the ultimate active pressure condition, a significant wall 
deflection (at least several inches) is required to fully mobilize the ultimate passive 
pressure condition. The movements to develop passive pressure often will be 
associated with high forces, and therefore, implicit structural damage or failure. In a 
typical design situation a realistic amplitude of movement for the embedded portion 
of a foundation system would be on the order of a fraction of an inch, corresponding 
to mobilization of only a small fraction of the ultimate limit equilibrium ultimate soil 
capacity. For this reason it can be argued that designs based on limit equilibrium 
might have only very limited theoretical merit. For pile-supported cantilever 
retaining walls, it is clear that design using the approach as depicted by Figure K-3 
can be highly questionable. A realistic load-deflection solution will reveal that it is 
unrealistic to assume a full passive pressure soil capacity as the resistance to oppose 
the active earth pressure load in the cantilever wall system. This leads to the 
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common approach in practice of reducing the passive pressure by a factor of 1.5 to 2 
in a limit equilibrium approach. 

The example problem in Figure K-4 was coded into a load-deflection solution using the 
BMCOL program (Matlock et al., 1981) where the analysis details are depicted in Figure K-6. 
The following summarizes details behind the example problem: 

(1) The 40-foot long, 24-inch thick concrete cantilever wall was modeled as elastic beam 
elements, with a bending stiffness (EI) estimated at 2.8 x 1010 inch2-lb for a model 
formulated for a foot of wall width (i.e., unit thickness) in the out-of-plane direction. 
Cracked section properties estimated at about 0.5 of the gross sectional properties 
were assumed. In the model, the pile is discretized at a constant beam increment 
length of 1 foot, involving 40 beam increments in the model. 

(2) Two sets of p-y curves at each of the pile nodes were prescribed to model both the 
implicit earth pressure load, as well as the mobilized soil reaction-pile deflection 
characteristics: (1) P-y Curve Set No. 1 (involving 21 curves in the model over the 
20-foot pile embedment beneath the excavation grade, with z ranging from 20 feet to 
40 feet) is used to model the soil reaction for the soil mass on the right side of the 
wall/pile system, below the excavated excavation level; (2) P-y Curve Set No. 2 
(involving 41 curves in the model over the 40-foot pile embedded beneath the fill 
and the foundation grade, with z ranging from 0 to 40 feet) is used to model the soil 
reaction for the soil mass left of the retaining wall/pile system as depicted in Figure 
K-6. For each p-y curve, the effective overburden pressure is first calculated 
reflecting that the soil mass to the left and the right sides of the wall would have an 
unbalanced overburden condition corresponding to the surfaces for each side. The 
effective overburden value is then applied to the normalized earth pressure-
deflection curve shown in Figure K-5. The resultant p-y curves are shown in 
Figure K-6, with the curve on the right depicting the soil reaction characteristics for 
the Soil Mass No. 1 and the curves on the left for the Soil Mass No. 2, respectively. 

It can be observed that the p-y curves have been modeled as unsymmetric p-y curves with 
very different characteristics between the positive versus the negative deflection behavior. 
This approach was taken in order to capture the difference in soil pressure behavior implied 
by passive versus active pressure conditions. It is also worthwhile noting that in the 
described analysis, there is no need to explicitly define the active pressure loading 
condition. Earth pressures are initially initiated by the program based on the at-rest earth 
pressure values implicit in the input p-y curves when the deflection profile is assumed to be 
zero. The unbalanced initial earth pressures between the p-y curve left of the wall and the 
p-y curve right of the wall will automatically initiate the soil pressure loading condition for 
the initial step, along with the resistance implicit in the p-y springs. Iterative solutions 
automatically occur in the course of the computer solution process until convergence to the 
appropriate pile deflection, where equilibrium is compatible to the soil reaction implied by 
the p-y curves.  
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FIGURE K-6. P-Y Curves Developed for Example Problem 
 
Figure K-7 presents the solution from the above example problem. The figure provides 
deflection, moment, and soil reaction along the 40-foot long nongravity cantilever wall. In 
addition to the benchmark solution shown by the solid curves, two additional load-
deflection runs were conducted to evaluate the appropriateness of various simplifications 
regarding earth pressure loading and p-y curve representations. These are shown by the 
dashed and light curves in the figure.  

Most geotechnical and structural engineers are comfortable conducting load-deflection 
analyses using computer programs (e.g., using L-PILE, PY-WALL, WFRAME, etc.) which 
are capable of modeling nonlinear p-y curves. However, many of these programs cannot 
model unsymmetric p-y curves. Furthermore, it is rather easy to make errors in sign 
convention in modeling non-symmetric p-y curves from. Recognizing that modeling 
unsymmetric p-y curves is impractical to most designers, two additional analyses 
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FIGURE K-7. Solutions for the Static Gravity Condition 

 
using only the passive pressure branch of the p-y curve (originally developed by 
Dr. Shamsabadi prior to applying a deflection offset to achieve the initial at-rest earth 
pressure condition) were conducted. The additional solutions assumed that the p-y curves 
were symmetric. This simplification required that the earth pressure loading condition be 
explicitly prescribed as a loading input condition. The light line in the figure represents the 
case when active pressure is prescribed only at the excavated portion of the retaining wall 
(i.e., z varying from 0 to 20 feet). Active earth pressures extending below the exposed 
foundation grade (i.e., z > 20 feet) which rigorously would be associated with positive 
deflection have been ignored. The dashed curve shown on the figure represents an extreme 
case where active pressure was prescribed over the entire wall (i.e., up to z = 40 feet). This 
would be a rather conservative assumption, especially for deeply embedded pile conditions. 

It can be noted that the dashed and light soil reaction curves do not extend above the 
foundation grade since that p-y curves are only prescribed beneath the foundation grade 
(i.e., z > 20 feet) for the two runs. In contrast to the two simplified cases, the benchmark 
solution case shown as dark solid lines does not involve explicit input for the active earth 
pressure as a loading condition, but loading is implicit in the prescribed p-y curves. 
Therefore, the soil reaction for this case extends above the foundation grade (for z < 20-feet) 
where the soil reaction would be the implicit earth pressure load. As shown in the 
Figure K-7, wall deflection over the exposed wall would be over 0.5 inch, which is well 
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above the movement to reach the ultimate active pressure condition. Therefore, the results 
would be identical to the expected active earth pressure load. 

Results shown in Figure K-7 suggest that simplifying the model using a symmetric p-y 
curve option leads to reasonable solutions. In fact the two runs involving simplifications for 
the active pressure loading conditions also lead to relatively small errors. However, it 
appears that the more conservative case of extending the active pressure to beneath the 
foundation grade leads to more appropriate solutions (when compared to the benchmark 
case), especially for maximum moment. It can be observed that the deviation in the 
solutions (variation between the light and dark curves) close to the wall tip is due to over-
conservatism in the assumed active pressure load above the excavation level. From the 
comparison, it appears that a crude simplification for the static gravity loading condition 
would be to extend the static active pressure load to the wall tip. Whereas this approach is 
slightly conservative, it does not deviate excessively from the benchmark solution. In most 
cases, for a very deeply embedded wall, the over-conservatism in prescribing the active 
pressure load is not expected to result in unacceptable errors due to the very high passive 
pressure soil resistance mobilized by the wall at relatively small wall deflections.  

In the soil reaction diagram (Figure K-7), the ultimate passive pressure has also been shown. 
This pressure is for the theoretical ultimate passive pressure resistance at sufficiently large 
movement (calculated as pult = kp γ z’, with a kp equal to 10) for comparison to the actual 
passive pressure resistance mobilized by the wall at the computed wall deflection. The 
ultimate passive pressure value is several times the actual pressure mobilized by the wall. 
This comparison indicates the danger in conventional design by conducting limit 
equilibrium analysis using the full passive pressure. It should be noted that a load-
deflection analysis for pile foundations is the standard of practice in the industry for more 
meaningful assessments of the pile deflection and moment distribution in design rather than 
the limit equilibrium approach, which often can lead to an erroneous design, or can be a 
source of confusion. Ideally the role of limit equilibrium solution should largely be limited 
to developing soil-structure interaction input parameters to the load-deformation design 
process such as what was presented above. 

K.2 Extension of the Sensitivity Study to Seismic Loading 
Case 
The solutions presented so far only model the static gravity loading condition induced by 
the overburden effect (or static dead load) of the soil mass. At this point, there is no 
consideration for earthquake design loads. However, it is obvious that additional prescribed 
pressure loading can be imposed to represent the earthquake load case. Further analyses 
presented below extend the solution for the earthquake load case. 

The earthquake loading condition involves prescribing an additional earth pressure to 
model the inertial loading of the soil mass for the earthquake loading condition. The 
primary interest in the earthquake design case is first to design the retaining wall for the 
transient earthquake response (in terms of structural integrity) as opposed to permanent 
residual soil deformation after the earthquake. If the wall is damaged during the 
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earthquake, it is most often regarded as a failure condition. Within the definition of free-
standing retaining walls, not adjacent to any structures, very large wall movements can 
usually be considered acceptable performance. Therefore, it might be an academic exercise 
to analyze for the residual permanent deflection of the retaining wall. Moreover, if the wall 
is structurally damaged, it would render any solution for permanent displacement 
meaningless, since one of the premises in permanent displacement solutions is that the 
structural system maintains its structural integrity and its basic configuration. For this 
reasons the design process needs to be focused towards load-deflection solutions during the 
earthquake transient peak loading condition. 

Sensitivity studies were formulated to evaluate load-deflection response of the retaining 
wall for the additional seismic inertial load case as schematically shown in Figure K-8. The 
basic formulation of the load deflection problem basically remains the same as the problem 
description discussed earlier for the gravity load case. At the end of the gravity load case 
solutions (as presented in Figure K-7), an additional earth pressure load is prescribed on the 
retaining wall as shown in Figure K-8. As depicted in the figure, the analyses were 
conducted for a uniform pressure load condition. It is noted that the loading function is 
prescribed only over the excavated portion of the retaining wall (i.e., for z ranging from 0 to 
20 feet), without prescribing additional loading below the foundation grade. It is reasoned 
that the earthquake loading mechanism is fundamentally different from the static gravity 
load case, where the overburden pressure is the primarily mechanism for loading. For the 
earthquake load case, it is not the overburden pressure, but the inertia of the soil mass 
acting as a body force. This force is defined as the soil mass times to an appropriate seismic 
coefficient. Since the soil mass is identical to the left and right side of the wall below the 
excavation grade, and if one makes an additional assumption that the seismic coefficient is 
similar on both sides of the wall, the net soil pressure from this inertial loading mechanism 
acting beneath the foundation grade would be identical and should not result in 
deformation of the wall. From this crude assumption, the only inertial effect of the soil mass 
above the foundation grade needs to be accounted for in the earthquake loading analysis.  

A series of sensitivity analyses were conducted for the earthquake loading condition as 
schematically shown in Figure K-8. The amplitude of the overall load was varied 
corresponding to kh coefficients equal to 0.05, 0.1, 0.2, 0.3 and 0.4. As discussed elsewhere, 
various factors need to be accounted for in relating the kh parameter to the Peak Ground 
Acceleration (PGA), including the scattering (or incoherency) effect to modify the PGA. The 
equivalent seismic coefficient is used in the appropriate dynamic earth pressure theory (e.g., 
the Mononobe-Okabe dynamic earth pressure equation, wedge equilibrium equation, or 
generalized limit equilibrium method) to develop the resultant lateral earth pressure 
coefficient Kae for design. It is important to include the effects of soil cohesion, when 
developing the lateral earth pressure coefficient, as small amounts of cohesion will change 
the earth pressure coefficient significantly, as discussed in the NCHRP 12-70 Project Report. 
Note that the Kae term in the classical Mononobe-Okabe dynamic earth pressure equation 
includes static gravity load effects. The incremental dynamic pressure from the Mononobe-
Okabe equation is determined by subtracting the gravity-related pressure from the dynamic 
pressure.  
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FIGURE K-8. Extension of the Cantilever Wall Problem to Seismic Loading Conditions 
 
Figure K-9 below presents typical values of the incremental seismic pressure load in relation 
to the static loading condition presented earlier. Values of the Mononobe-Okabe dynamic 
earth pressure coefficient Kae are shown as a function of various lateral seismic coefficient 
(kh) – with the Kae for a friction angle of 40-degree shown as a dashed line. The total static 
plus seismic earthquake load acting on the retaining wall over the wall height H is defined 
by 0.5 Kae γ H2. As pointed out earlier, the term Kae in the Mononobe-Okabe equation 
already includes the effect of the static gravity load. This is shown for kh = 0.0, where the 
Mononobe-Okabe equation is reduced to the classical static active pressure coefficient (i.e., 
0.22 based on the Rankine’s active equation solution). Therefore, a constant 0.22 value needs 
to be first subtracted from the Mononobe-Okabe Kae value to determine the additional 
inertial seismic load.  



NCHRP 12-70 
DRAFT FINAL REPORT 
SEISMIC ANALYSIS AND DESIGN OF RETAINING WALLS, 
BURIED STRUCTURES, SLOPES, AND EMBANKMENTS 
 
 

K-14 CVO\081750013 

 
 

FIGURE K-9. Sensitivity of Seismic versus Static Gravity Load 
 
From Figure K-9 it can be observed that the contribution for the net earthquake earth 
pressure load is less than the static earth pressure loading conditions for kh less than 0.33. 
This seismic coefficient would correspond to about a 0.66g PGA ground motion criteria 
based on the common practice of designing for half of the PGA value. The issue of the 
relatively small effect of the seismic earth pressure load is even more apparent when one 
realizes that the net seismic earth pressure load case (represented as the solid line in the 
figure) only acts upon the soil mass at the upper soil zone associated with the retained fills 
above the foundation grade elevation. This contrasts to the static gravity loading condition, 
which is applied to a much deeper soil zone extending below the foundation grade (even to 
the full length of the embedded pile length as commonly adopted in presumptive design 
practice by transportation departments).  

The described sensitivity studies were conducted for additional net seismic loads applied to 
the retaining wall following the same approach discussed for the static gravity load case 
using unsymmetric p-y curve solutions. The pressure distribution representing the 
incremental load from seismic loading was been assumed as a uniform pressure distribution 
acting on the upper 20 feet of wall face. Solutions for the net seismic inertial load 
corresponding to a range of kh coefficient (i.e., 0.05, 0.1, 0.2 and 0.3) are presented in 
Figure K-10. As shown in the figure, impact of the seismic load remains relatively small 
compared to the static gravity loading until a relatively high seismic coefficient at about kh = 
0.2, which might be associated with a design PGA around 0.4g. 
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FIGURE K-10. Solution for Example H for Seismic Load Superimposed on Static Load 

 
The following are the major observations made from these sensitivity studies: 

(1) For a pile-supported cantilever wall, the primary focus in design should be in 
conducting load-deflection analyses to quantify wall deformation, moment, and 
shear distribution, as required for evaluating the structural integrity of the wall. 

(2) As discussed earlier, there is limited technical merit in performing limit equilibrium 
analyses such as the one shown schematically in Figure K-3, which implicitly 
assumes that ultimate passive pressure resistance of the soil mass will be mobilized. 
The limit equilibrium analyses result in unrealistically large deflections, well beyond 
the range where the pile foundation would maintain its structural integrity. While 
one option is to introduce a factor of safety on passive pressure or on moment 
equilibrium, a more realistic load-deflection analysis approach is to model the soil 
with nonlinear p-y curves to develop the appropriate value of passive pressure soil 
resistance compatible to the deflection amplitude that can be sustained by the 
structural system. 

(3) From the sensitivity solutions it is apparent that the static loading condition itself 
contributes to a significant proportion of the actual load exerted on the wall during 
most seismic cases. The fact that it is a truly sustained loading condition as opposed 
to the transient earthquake loading condition, and that the mode of static loading is 
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fundamentally different from the seismic load case. The static load case requires 
prescribing earth pressure on the wall extending to well below the foundation grade 
elevation (to the embedded wall tip as a conservative approximation), as oppose to 
the seismic load case which involves only imposed earth pressure on the exposed 
(excavated) wall section. All of the above mentioned aspects support that for the case 
of a nongravity cantilever wall, the static gravity load and seismic load cases should 
be defined separately, as oppose to the conventional practice of lumping the two 
loads into a single Kae coefficient which implicitly includes the effect of static and 
seismic loading. 

(4) From the sensitivity studies, it is also seen that the basic static gravity load case 
contributes too much of the applied loading on the wall for the seismic condition 
expected for most of the United States. Only in those highly seismically active states 
(such as in California) would the incremental seismic load amplitude be higher or 
comparable to the loading due to the static gravity load case. 

The above load-deflection analyses are routinely conducted by both geotechnical and 
structural engineers using computer software such as L-PILE, BMCOL and WFRAME 
originally developed for pile design analyses. The same software can be used for load-
deflection analyses of sheet pile and soldier pile cantilever walls, where beam elements are 
used to model the pile member. The static and seismic earth pressure loads can readily be 
input into the analysis as prescribed loads. The soil supports are usually modeled as p-y 
curves beneath the foundation grade. Whereas, the capability of unsymmetric p-y curves to 
reflect the unbalanced passive and active earth pressure theories might present complexity 
and are not usually available in many of the available programs, it was shown in these 
sensitivity studies that simplifications utilizing the simpler symmetric passive pressure 
load-deflection p-y curve will be adequate for most design problems.  

K.3 Definitions of p-y Curves for Nongravity Cantilever Walls 
One of the critical elements in the load-deflection analysis relates to what p-y curves to uses 
for the analyses. For cases where isolated soldier piles are used (i.e., where horizontal 
lagging is used between isolated piles above the excavation and isolated soldier pile extend 
below the excavation), there is abundant information on p-y curves in the literature, largely 
developed from full-scale pile load tests for isolated piles. The most commonly used p-y 
criteria (for both clay and sands) for isolated pile foundations are those documented in the 
American Petroleum Institute (API-RP2A). These p-y curve criteria have been implemented 
in computer programs such as L-PILE.  

The API-RP2A p-y curves are recommended for situation involving isolated soldier piles. 
However, there is a lack of p-y curve criteria for continuous sheet pile or secant pile walls. 
The behavior of these foundations can be approximated by two-dimensional, plane strain 
models. These models differ from three-dimensional soil-pile interaction idealizations 
representative of isolated piles. The following discussions provide some guidance on how to 
formulate the appropriate p-y curves for the plane-strain continuous sheet pile wall design 
problem.  
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The starting point for the two-dimensional representation is recent research involving 
abutment and pile cap soil-structure interaction. The empirical load-deflection data from 
this research is more relevant to the sheet pile wall problem than the historical pile load test 
database. As discussed earlier, Shamsabadi et al. (2007) provide a comprehensive summary 
of the recently completed abutment and pile cap test data, and developed a pseudo 
empirical approach which solves for load-deflection curves of a wall soil system. This 
approach has been used to develop a computer program for the sheet pile problem. 
However, this program (CT-FLEX) currently is only available to Caltrans and at the present 
time has not been widely distributed. Through collaboration with Dr. Shamsabadi, soil 
reaction versus deflection relationships (referred to as the sheet pile p-y curves) were 
obtained for several soil and ground configurations, and these curves were then compared 
with API p-y curves in order to develop guidelines for modeling the API isolated pile p-y 
curves to represent the sheet pile wall problem. Prior to developing guidance on sheet pile 
p-y curves, it is necessary to clarify basic definitions in the p-y curves, particularly regarding 
differences between isolated pile and sheet pile p-y curves.  

The most widely used p-y curves in current practice follow the definition in API-RP2A. In 
the API p-y criteria, p has a unit of FL-1 and is defined as the integrated soil resistance per 
unit length along the depth direction acting over the full pile diameter. This definition in p 
needs to be modified for sheet pile walls where the there is no obviously pile diameter. 
Instead, the sheet pile problem is generally visualized as a two-dimensional, plane strain 
boundary value problem that approximates an extremely long wall width in the lateral 
direction. In contrast to the isolated pile problem where a pile-soil analysis model typically 
integrates all the loads and stiffnesses over the entire pile diameter, the sheet pile wall 
problem is usually analyzed on a per unit wall width basis. To avoid confusion with 
isolated pile p-y curves, pw is used for the sheet pile p-y curves, where pw is the soil 
resistance acting on the sheet pile wall per unit wall width. The dimensional units for pw are 
FL-2 or in terms of pressure acting on the wall. The conventional isolated pile p value (say in 
the API criteria) is rigorously related to pw by dividing p by the pile diameter. 

K.4 Comparison between Sheet Pile and Isolated Pile API p-y 
Curves  
As discussed earlier, the Shamsabadi semi-empirical computer solution (CT-FLEX) was 
used in this analysis to develop the benchmark sheet pile pwy curves. The CT-FLEX 
program has been successfully backfit to many of the recently completed abutment and pile 
cap load-deflection experiments. Figures K-11 and K-12 present two sets of depth-
dependent pw-y curves for the cantilever sheet pile wall configurations defined in Figure K-
3 for a level-ground configuration. The soil reaction pw-y curves shown in the figures can be 
used to model the soil reaction-deflection characteristic of the soil beneath the excavation 
grade (i.e., z > 20 feet) in the sheet pile wall in Figure K-3. Figure K-11 provides results for 
the dense sand case, and Figure K-12 presents another set of results for a clay soil condition, 
with an undrained shear strength c equal to 2 kips per square foot. The results of the wall-
deflection analyses for the clay soil have been checked against the widely referenced 
Caltrans abutment research experiment conducted in U.C. Davis (Ronstad et al., 1995). 
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It is noted that in the load-deflection data presented in Figures K-11 and K-12 from the 
Shamsabadi et al. (2007) strain-wedge solution, the magnitude of the ultimate passive 
pressure soil resistance with depth has been developed from limit equilibrium methods and 
would largely be dependent on the soil parameter, especially the shear strength. The 
deflection values are related to the adopted soil stiffness parameters. Shamsabadi followed 
the Matlock soft clay method where the axial strain half way to peak strength (εc) is used in 
the sand and clay pw-y curve criteria. The adopted εc for sands and clays hare shown in the 
figures. They are consistent with the recommendations presented by Shamsabadi et al. 
(2007) who summarized a comprehensive set of studies where analytical results were backfit 
to recently completed abutment wall and footing experiments. 

The data shown in Figures K-11 and K-12 are intended to support recommended guidelines 
for constructing pw-y curves suitable for conducting structural load-deflection analyses of 
sheet pile, such as the examples presented earlier. Recommendations for constructing sheet 
pile pw-y curves are presented at later sections. 

 

 
FIGURE K-11. Sand pw-y Curves from Strain-Wedge Extrapolated from 

Abutments and Pile Cap Tests 
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FIGURE K-12. Clay pw-y Curves from Strain-Wedge Extrapolated from UCD Abutment Test  

 

K.5 Review of Isolated Pile p-y Curve Procedures 
Because of wide usage of the API isolated pile p-y curves in current pile design practice in 
the industry, the two sheet pile pw-y curves defined above were correlated to comparable 
API isolated pile p-y criteria for sands and clay. This involved conducting parallel analyses 
to develop the corresponding API isolated pile p-y curves for comparison to the sheet pile 
p-y curves shown in Figures K-11and K-12. Prior to presenting the API p-y curves for 
comparison to sheet pile pw-y curves shown in Figures K-11 and K-12, Figure K-13 first 
provides a review of the API p-y criteria for both sands and clay. 

K.5.1 Comments on the API Solitary Pile Sand p-y Curve Procedure 
Figure K-13 summarizes the API isolated pile p-y procedure for sand, developed from 
backfitting full-scale isolated pile-load tests. The cyclic p-y procedure in the API method 
was intended for wave loading conditions and is generally not appropriate for on-land 
applications. Therefore, only the API static loading p-y procedure as depicted in Figure K-13 
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is considered. The sand p-y curve method was originally developed by Reese (1974). 
Subsequently, API sponsored a study conducted by O’Neill and Murchison (1983) which 
resulted in the currently described sand p-y criterion.  

The current API sand p-y procedure follows the O’Neill and Murchison proposal to make 
use of the hyperbolic curve shape, where the initial tangent modulus (defined as Es with unit 
in FL-2) in the p-y curve was based on the coefficient of variation in subgrade modulus with 
depth, k which has a unit of FL-3, and after multiplication with depth z, result in the 
representation of an Es increasing linearly with depth. It should be noted that in the sand p-y 
criteria, the initial tangent modulus Es is assumed to be independent of the pile diameter. 
The ultimate capacity in the p-y curve (pu) is primarily related to the shear strength, the unit 
weight, and depth of the p-y curve and will increase with pile diameter.  

K.5.2 Comments on the API Solitary Pile Clay p-y Curve Procedure 
As shown in Figure K-13, the API isolated pile p-y procedure for clay (proposed by Matlock, 
1970) makes use of a parabolic p-y curve shape. An API study for clay p-y criteria that 
paralleled the O’Neill and Murchison study for the sand p-y procedure has also been 
conducted by O’Neill and Gazioglu (1984). These individuals recommended an alternate 
clay p-y procedure referred as Integrated Clay p-y procedure. However, to-date, API has 
not adopted the proposed changes, and the Matlock clay p-y criteria remain the basic 
benchmark API clay p-y procedure. 

 
FIGURE K-13. Review of API p-y Criteria for Isolated Piles 
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Theoretically, the initial tangent modulus will be infinite in the formulation. However, in 
practice, offshore pile design makes use of a digital curve shape array in pile analyses, and 
the effective initial tangent modulus assumed in the analysis is essentially related to the first 
point adopted for discretizing the parabolic curve shape.  

The dots on the clay p-y curve shown in Figure K-13 reflect the tabulation of the discrete 
parabolic clay p-y curve shape currently in the API-RP2A. As seen from the figure, the first 
discrete point in the API code is the p-y curve coordinate at half of the ultimate capacity in 
the p-y curve (i.e., y = yc and p= 0.5 pu). The fact that the theoretical initial tangent modulus 
in the parabolic curve shape will be infinite for clay p-y curves has often been criticized. 
However, in offshore applications involving largely soft clay sites, even at relatively small 
design loads, pile deflection within the significant soil-structure interaction zone will 
involve pile deflections that are significantly above the so-called initial tangent modulus 
range.  

The shortcoming in the theoretical infinite tangent modulus problem in the clay p-y criteria 
rarely leads to real seismic design problems. Note that the initial tangent subgrade modulus 
Es is not related to the initial soil modulus obtained by low-strain, shear wave velocity 
measurements, most often used for site response analyses (e.g., SHAKE site response 
analyses). From many soil-structure interaction experiments, including full-scale and 
centrifuge load-deflection tests for embedded abutments and pile cap conducted by FHWA 
or DOTs, it has been found that the initial tangent modulus from the experiments is much 
larger than the modulus implied from theoretical solution based on low-strain shear wave 
velocity, usually by at least about a factor of 10. As noted before, the shortcoming of the 
infinite initial tangent modulus in the clay p-y criterion rarely leads to practical design 
problems. However, there is much danger and practical problems in modifying the p-y 
curve procedure to formulate the initial tangent modulus of the p-y curve based on soil 
modulus of the soil.  

These are some of the factors that prompted Matlock to make use of the soil strain occurring 
at one-half the maximum stress on a triaxial test (εc) to formulate the effective p-y stiffness 
parameter at working stress loading range, as opposed to formulating the subgrade 
modulus (Es) based on the actual soil modulus. Generally, there is less uncertainty and 
better correlation information in the literature for the appropriate εc for a given clay soil (i.e., 
clay consistency). Similar experience was observed by Shamsabadi et al. (2007) in the use of 
the strain-wedge theory to backfit abutment and pile cap test data. Shamsabadi provided 
reasonably comprehensive recommendations for the εc values to use for developing wall 
load-deflection data.  

In Figure K-13 the parabolic p-y curve shape is discretized using an additional point, shown 
as the lowest dot, on the parabolic curve shape at 0.25 of the pu value (coordinate of y = 
0.135 yc corresponding to p = 0.25 pu ). The initial subgrade modulus implied by the secant 
modulus at this coordinate correlates better with common rule-of-thumb that the Young’s 
modulus of the soil is about 50 to 200 times the undrained shear strength of the clay. 
Explicitly defining this point for the initial p-y stiffness is intended to overcome some of the 
criticism regarding the infinite stiffness problem in the Matlock’s soft clay p-y criteria and 
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from experience would be more appropriate for the stiffer clay soils encountered on-land as 
opposed to the soft clay condition offshore. 

K.5.3 Rationalization of a Length Parameter for Sheet Pile Walls Analysis 
In the API isolated pile p-y procedure, it is necessary to define the pile diameter in addition 
to the soil shear strength, unit weight, and parameters relevant to the soil modulus values. 
Therefore, in order to develop a set of isolated pile p-y curves for comparison to the sheet 
pile wall pw-y curve, appropriate input to the diameter term were needed in constructing 
the p-y curves for cross correlation. One of the main functions of the pile diameter in 
formulating p-y curves is to provide scaling for the deflection solutions in p-y curve. This 
aspect is more apparent in the API soft clay criteria where yc which has a unit of L has been 
used to provide scaling for the deflection values in the p-y curves, where yc is directly 
proportional to the pile diameter. This smallest foundation dimension, pile diameter, 
effectively becomes the characteristic length of the foundation system.  

For a sheet pile wall configuration, assuming that the lateral dimension of the foundation 
extends a large distance in relation to the embedded pile length (L), the pile length should 
become the characteristic length of the foundation system and hence be used to develop the 
deflection scaling parameter. However, most often for typical pile foundations, another 
governing characteristic length (λ) which can be smaller than the actual pile length L often 
becomes the governing length dimension for deflection scaling. For lateral loading this 
results because most typical piles would have a finite flexural rigidity (EI) which would 
limit the depth where soil resistances can be mobilized by the pile. If the pile is longer than a 
specific length, the problem effectively approaches an infinitely long pile problem, and the 
soil reaction beneath a specific depth cannot be developed, and the pile segment beneath 
this depth can be neglected for design. 

Figure K-14 summarizes the classical semi-infinitely long pile problem that was originally 
posed by Hytenyi (1946) with additional solutions presented by Scott for two 
representations of subgrade stiffnesses (Scott, 1981). As shown in the figure, the subgrade 
stiffness (Es) with dimension (FL-2) has been found to be either uniform or vary linearly with 
the Young’s modulus of the subgrade soil. Scott developed non-dimensional charts for 
solving deflection, moment and shear distribution along the pile. The process essentially 
solved for the differential equation of a beam on Winkler spring elastic subgrade model. The 
problem is simplified for the semi-infinitely long beam problem. The characteristic length 
(λ) results from solution of the differential equation for a beam on subgrade foundation. 

For the model of constant subgrade modulus (Es) with depth, shown as Subgrade Modulus 
Model No. 1 in Figure K-14, the characteristic length can be obtained by the following 
equation: 

λ = (4 EI/Es) 0.25 (1) 
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FIGURE K-14. Classical Problem of a Beam on Semi-Infinite Subgrade Foundation 

 
For the model of subgrade modulus (Es) varying linearly with depth, shown as Subgrade 
Modulus Model No. 2 in Figure K-14, the characteristic length can be obtained by the 
following equation: 

λ = (EI/k) 0.2 (2) 
 
where in both of the above equations, the characteristic length λ has the dimension (L) and 
hence is referred as the characteristic length of the soil-pile system.  

Hetenyi suggested that if the actual pile length L is longer than the product of π λ, then the 
pile can be assumed an infinitely long pile. Hetenyi further recommended that if the pile 
length L is smaller than π λ/4, then the solution would approach a rigid beam problem. 
Most current pile design applications are conducted by the use of widely available 
computer software, and it is not necessary to rely on non-dimensional charts for pile 
solutions as in the old days. The purpose for revisiting the mathematical formulation for 
beam-on-elastic-subgrade (i.e., Winkler spring) foundation is to support the concept of 
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using the characteristic length parameter λ, in place of pile diameter for developing sheet 
pile p-y curves. The recommended diameter for constructing the API code p-y curves for a 
sheet pile wall problem should be based on this characteristic length λ. The actual pile 
length L can be compared to the characteristic length developed on the basis of a semi-
infinitely long pile solution. If L is smaller than the semi-infinite pile characteristic length π 
λ/4, the actual length L should be used in lieu of λ from the flexible beam solution and L 
should then be used as the parameter for constructing the p-y curves. 

K.5.4 Correlation of Isolated Pile p-y Curves to Sheet Pile pw-y Curves 
Using the two equations shown above, sensitivity studies were conducted for various EI 
values found from commonly constructed sheet pile walls along with values of subgrade 
modulus observed from wall-soil load deflection curves, such as those shown in 
Figures K-11 and K-12. It was found that the most common situation corresponds to a λ 
equal to about 4 feet. Based on this finding, the API isolated pile p-y curves were 
determined for an assumed 4-foot pile diameter to cross-correlate to the sheet pile wall pw–y 
curves presented in Figures K-11 and K-12. The p value for the isolated pile p-y curve was 
first divided by the pile diameter (equal to 4 feet) adopted for constructing the isolated pile 
p-y curves to the corresponding pw-y curves. Then scaling factors were applied (both p-
multipliers and y-multipliers) to the API isolated pile p-y curves for the best fit to the sheet 
pile pw-y curves presented in Figures K-11 and K-12. The resultant best-fit results are 
presented in Figures K-15 and K-16 for the dense sand and stiff clay soil conditions, 
respectively.  

FIGURE K-15. Cross Correlation of Sheet Pile pw-y Procedure 
to Isolated p-y Curves for Dense Sand 
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FIGURE K-16. Cross Correlation of Sheet Pile pw-y procedure to isolated p-y curves for clay. 
 
The correlation led to the following recommendations for development of pw-y curves in 
sheet pile load-deflection design analyses: 

(1) The API solitary pile p-y curve procedures provide the first step for constructing an 
initial set of p-y curves for design. As discussed earlier, a 4-foot pile diameter is 
recommended for generating the pw-y curve for most commonly used sheet pile wall 
design problems. The user can follow the API recommendations for both the sand 
and clay soils. For stiffer clay sites, in addition to those recommendations by API and 
Matlock, the user can refer to recommendations by Shamsabadi et al. (2007) for the 
εc to use in clays of various consistencies. The Shamsabadi et al. recommendations 
are based on abutments and footing load-deformation test data with stiffer clays 
than the pile load test database used in offshore pile design. 

(2) After developing the conventional isolated pile p-y curves, the p values should be 
divided by the 4-foot diameter for the corresponding pw-y curves for sheet pile 
analysis where the resistance is expressed in terms of unit wall width. 
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(3) For sand sites, as observed from the comparisons shown in Figure K-15, the resulting 
pw-y curves should be further modified by applying a p-multiplier of 0.5 to the soil 
resistance and a y-multiplier of 4.0 to the deflection. The reason for the 
0.5 p-multiplier is that there is a loss of soil capacity for the sheet pile configuration 
as compared to the isolated pile. For isolated piles the soil outside the direct loading 
zone in front of the pile diameter provides additional soil capacity to the zone loaded 
directly by the pile cross section. The reason for the y-multiplier is that the 
attenuation in strain away from the pile is different between the boundary condition 
of the sheet pile wall as compared to the isolated pile. The sheet pile wall can be 
visualized as an extreme pile group effect, where the piles has extremely close 
center-to-center spacing of only 1-diameter. Hence there is a loss of efficiency as well 
as softening of the effective subgrade modulus requiring the 0.5 p-multiplier along 
with a y-multiplier of 4.0. 

(4) For the clay condition, as observed from Figure K-16, the resultant pw-y curves from 
step 2 should be modified by a y-multiplier of 4.0 for the appropriate deflections for 
reasons similar to the reason discussed earlier for sand p-y curves. However, 
p-multipliers less than unity appear to result in overly soft pw-y curves. The reason 
that a p-multiplier less than unity is not needed is not completely obvious. It could 
be that Matlock’s pu limit equilibrium procedure is not completely compatible with 
the Shamsabadi assumption on the wall-soil interface friction angle. Various 
publications exist suggesting that there is inherent conservatism in the Matlock’s p-y 
curve criterion. The observed factor of two differences should be considered within 
the uncertainty in the basic theory and variation in the observed soil properties. As 
discussed later, a rational way to design foundation should not emphasize the 
exactness in the p-y criteria, but should accommodate a large degree of uncertainty 
in the assumed p-y curves. From experience the overall pile behavior is often not 
overly sensitive to significant variations in p-y curves.  

K.5.5 Recommendations for Sloping Ground Configurations 
The above procedure for constructing sheet pile pw-y curves is for typical level ground 
configurations. Nongravity cantilever walls are commonly used for sloping grade 
configurations such as those shown in Figure K-17. Methods are available for adjusting p-y 
curves for individual piles in sloping ground. However, similar adjustments for sheet piles 
or other continuous wall systems are not readily available and were, therefore, evaluated as 
part of this Project.  

Additional strain-wedge solutions were conducted to develop recommendations on how to 
modify the level ground sheet pile pw-y curves to account for the sloping ground design 
situation. The following additional modifications (i.e., modifications solely for the non-level 
ground sloping configuration) to the pw-y curves were developed from the strain-wedge 
theory based on a 1.5H:1V slope:  
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Downslope Direction, xUpslope Direction, -x

 
FIGURE K-17. Sloping Ground Configuration 

 
(1) For a clay soil condition, the p-multiplier should be 0.6. 

(2) For a sand soil condition, a p-multiplier equal to 0.3 should be applied to the level 
ground pw-y curves. 

The above p-multipliers have been developed from strain-wedge limit equilibrium 
solutions. It can be observed from Figure K-17 that the slope configuration represents about 
a 40 percent reduction in the length of the log-spiral failure surface as compared to a level 
ground configuration. For clay soils, the shear strength c is often essentially constant. 
Therefore, the ultimate capacity would be roughly proportional to the length of the failure 
surface for mobilization of shear strength. Hence, a slope configuration p-multiplier of 0.6 is 
recommended for clay. For sands, in addition to the reduction in the length of the failure 
surface, there is a reduction in the overburden pressure. Therefore, the ultimate capacity is 
reduced by both the shorter failure path and the lower soil resistance. This is reflected in the 
strain-wedge limit equilibrium analysis. This led to a p-multiplier of 0.3 for sands. For flatter 
slopes the p-multiplier should be increased proportionate to the reduction in slope angle 
such that the additional multiplier for flat conditions would be 1.0. 

These multiplication factors are envisaged to be in addition to those factors proposed earlier 
for modifying isolated pile p-y curves to account for the difference between two-
dimensional plane-strain sheet pile walls versus three-dimensional isolated pile boundary 
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conditions. The penetration length of the pile foundation should be increased compared to 
the penetration depth for level ground to account for the reduction in the available soil 
capacity for the near-surface soil in the sloping ground configuration.  

K.6 Sensitivity Studies 
A series of sensitivity studies have been conducted on the same nongravity cantilever wall 
problem defined in Figure K-4 using BMCOL to provide some insight to design. Results of 
four series of analyses are presented in Figure K-18 as listed below: 

• Run 1: The dashed curves for the unsymmetric p-y curves are the same solutions 
presented in Figure K-10. These served as the benchmark solution for cross comparison 
to various modeling simplifications. Unsymmetric p-y curves were used in this run to 
account for both active and passive pressure conditions, and the solution automatically 
solved for the correct static earth pressure load, without the need for assumptions (e.g., 
the amplitude and the region for application of the active pressure load) to account for 
the static soil overburden effect.  

• Run 2: The solid curves in Figure K-18 make use of the simpler symmetric p-y curve 
option as discussed earlier. Static active earth pressure was prescribed over the entire 
40-foot sheet pile wall for this solution. 

• Run 3: The dashed curve shows a sensitivity study to determine the impact of variations 
in the p-y curves, where the Run 2 p-y curves were scaled by a p-multiplier of 2.0. 

• Run 4: The middle dashed curves in Figure K-18 are an alternate sensitivity study to 
evaluate the impact of variations in p-y curves, where the Run 2 p-y curves were scaled 
by a y-multiplier of 0.5. 

The left side in Figure K-18 presents the wall deflection at the top of the fill (i.e., z = 0 feet) 
versus the shear load in the wall at the depth of excavation (i.e., at z = 20 feet). The right 
figure in Figure K-18 presents the corresponding wall shear load at z = 20 feet versus the 
maximum moment at some depth beneath the foundation grade (i.e., the excavation grade 
beneath z = 20 feet). The following offers some observations from the sensitivity studies: 

(1) As discussed earlier, the conventional way to model soil load-deformation 
characteristics by symmetric p-y curves gives reasonable solutions, so long as the 
earth pressure loading conditions are prescribed in a proper manner. From the study 
described above, the active pressure load should be applied to a rather large depth 
below the excavation elevation (or foundation grade) and for simplicity, assuming 
that the static active pressure extends to the full depth of the embedded wall would 
be a good approximation. The pressure distribution can be assumed to be a 
triangular, increasing linearly from zero to the maximum amplitude at the pile tip.  
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FIGURE K-18. Results of Sensitivity Study for the Retaining Wall 
Design Problem Defined in Figure K-4 

 
(2) Seismic-induced pressure loads should be applied only for the excavated portion of 

the pile wall. For simplicity, it is reasonable to assume a uniform pressure 
distribution for this load case. 

(3) From the sensitivity study, it is apparent that the static gravity loading condition 
contributes to a significant proportion of the overall design load for most seismic 
zones. For kh < 0.1 the seismic loading condition only contributes a 20 percent 
increase in deflection and moment above the static gravity load case. For kh = 0.2g 
seismic loading contributes to about a 60 percent increase in deflection and moment 
above the static gravity load case. This might partially account for the good 
performance of free-standing retaining walls in past earthquakes. 

(4) As can be observed in the sensitivity study, the resultant solution is not overly 
sensitive to significant variations in the p-y curve characteristics. Stiffening the p-y 
curves by a factor of 2.0, leads to only about a 20 percent or 30 percent variation in 
the calculated wall deflection. In the sensitivity study (shown in Figure K-18), it can 
be observed that a factor of 2 variation in the p-multiplier resulted in an 8 percent 
variation in the wall moment whereas the same factor of 2 variation in terms of the 
y-multiplier led to about a 2 percent variation in the wall moment for a specified 
shear load.  
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In the p-y curve procedures for sheet pile walls the primary source of uncertainty relates 
to the presumptive pile diameter (i.e., a 4-foot diameter) used for p-y curve construction. 
This diameter affects the deflection values in the p-y curves which ultimately affects the 
validity of the recommended y-multiplier. Due to the lack of a physical pile diameter, 
the characteristic length should be calculated using Equation (1) and (2) shown earlier, 
which rigorously requires iterative solutions to reconcile the appropriate subgrade 
modulus which in turn also depends on the assumed characteristic length.  

These complexities can be avoided by realizing that the design is not very sensitive to 
the actual yc value. This is one of the underlying reasons in proposing a constant 
fictitious 4-foot pile diameter in constructing pw-y curves for continuous walls. Rather 
than dwelling on the rigorousness of the p-y curve procedure, the design process should 
include sensitivity analyses to ensure that the resultant design would work for a wide 
variation in the assumed p-y curves to account for inherent uncertainties in soil 
properties and methods of analysis. 

K.7 Specifications and Commentaries for Nongravity 
Cantilever Walls  
Results of the p-y sensitivity studies serve as a basis for developing specifications and 
commentaries, as discussed in the next two subsections. 

K.7.1 Specifications 
Cantilever retaining walls supported with soldier piles or continuous below ground systems 
(for example, sheet piles or secant/tangent pile walls) are essentially pile foundations 
extending above the excavation grade. Mechanistically, these walls are analogous to pile 
foundations, and should follow the current state-of-the-practice for pile foundation design. 
The seismic lateral wall loading problem described in this appendix takes into account the 
soil reaction-deflection behavior by way of nonlinear p-y curves. The analysis provides 
deflection, moment, and shear along the wall and is intended be used for checking 
structural integrity following LRFD design procedures 

The problem of overall global and local stability along with structural integrity are all 
embedded in the load deformation analysis model, where global stability and localized 
deformation issues are reflected in the adopted p-y curve criteria. The role of the limit 
equilibrium analysis is for formulating the appropriate p-y curve characteristics, which are 
then used in structural design. The structural model using structural beam-column elements 
to model the wall member therefore provides detailed structural performance information 
including detailed strains in the structural components. Structural performance criteria (e.g., 
steel and concrete strain limits for various performance goals) can be directly used with the 
results from the proposed analyses to design the wall system. 

For continuous wall systems, earth pressures from the static gravity load need to be clearly 
distinguished from the seismic dynamic earth pressure load case. The static gravity load 
case requires prescribing the statically induced earth pressure to the pile wall to a depth 
well beneath the excavation grade, whereas it is adequate to limit the seismic dynamic earth 
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pressure loading condition to the portion of the wall above the excavation grade. More 
detailed guidelines are provided in the accompanying commentaries. 

K7.2 Commentaries 
The recommended procedures for designing walls using the p-y method follows widely 
adopted pile design practice in requiring designers to conduct load-deflection analyses so 
that in the design, the soil resistance assumed to be mobilized is compatible with the 
deflection (or deformation) that is being sustained in the superstructure and the foundation 
system. Background details behind the recommended design procedures and guidelines, 
including (1) recommended earth pressure loading conditions, and (2) procedure for 
developing soil-reaction versus deflection characteristics of the wall foundation system, 
have been discussed in this appendix. These discussions include providing results of 
sensitivity evaluations of typical pile-supported cantilever walls. In addition detailed design 
procedures have also been developed for continuous below-grade walls. Finally, 
recommendations on design the wall foundations involving sloping ground configurations 
are discussed. Below is a commentary on key results from this work. 

K7.2.1 Analysis Model 
The nongravity cantilever wall with pile foundations extending below the grade of 
excavation presents a very simple structural form for design. The only component of earth 
pressure to be considered for design would be the earth pressure acting directly on the 
cantilever wall. The same pile on Winkler spring model can be used by geotechnical 
engineers to understand external stability (e.g., amplitude of deflections, moment 
equilibrium, etc.), as well as by structural designers for internal stability (e.g., stress and 
strains of structural components).  

Classical limit equilibrium analyses can be used solely for characterizing the Winkler spring 
pw-y curves for input to the load-deflection analysis model. Due to the simplicity in the 
structural form for this type of retaining wall (i.e., the wall superstructure being continuous 
with the pile foundation), and the fact that a design must account for the degree of 
mobilization of the ultimate passive pressure soil capacity compatible with the level of 
deformation tolerable to the wall-pile system, the beam on Winkler spring model can be 
used for both the traditional external stability (to size the overall foundation to ensure that 
there is adequate geotechnical mode of soil capacity) as well as for internal stability issues 
(for checking structural integrity).  

K7.2.2 Gravity Loading 
The earth pressure loading to be considered is the earth pressure acting directly on the wall 
surface as shown in Figure K-19. The earth pressure loading condition should be based on 
active pressure theories for free-standing cantilever walls. Classical active earth pressure 
theories, such as the Rankine’s equation, can be used to develop the earth pressure for the 
static loading condition.  



NCHRP 12-70 
DRAFT FINAL REPORT 
SEISMIC ANALYSIS AND DESIGN OF RETAINING WALLS, 
BURIED STRUCTURES, SLOPES, AND EMBANKMENTS 
 
 

K-32 CVO\081750013 

-x Direction +x Direction

EQ Load

Static Gravity
     Load

Depth Below Fill, z
Height of 
Excavation, H

Length,  L
Embedded Pile

 
FIGURE K19. Earth Pressure Loading for Cantilever Walls 

 
 
As shown in the figure, the unbalanced overburden condition acting on the upslope and the 
downslope of the wall face will result in a net downslope earth pressure load acting on the 
wall extending below the foundation grade. For simplicity, the static gravity load is 
prescribed over the full length of the cantilever wall extending to the embedded pile tip. 

K7.2.3 Earthquake Loading 
As shown in Figure K-19, there is a distinct difference in the earth pressure loading 
conditions between the static gravity load case (requiring loading below the depth of 
excavation) versus the dynamic earthquake load case (requiring loading only above the 
excavated section). Therefore, the static and the earthquake earth pressure problem needs to 
be evaluated separately. Further, load and resistance factors used in AASHTO Specifications 
for static design will not be applicable for seismic loading. For seismic loading, the load and 
resistance factors for design will be 1.0; therefore, subtracting static earth pressures 
computed using the static load and resistance factors from the total seismic earth pressure 
will result in an incorrect determination of the seismic earth pressure increment. For this 
reason the static earth pressure needs to be recomputed using the load and resistance factors 
approach for seismic loading (that is, γ = 1.0 and φ = 1.0) to obtain the correct seismic 
increment.  
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As a further reason for recomputing the static earth pressures, the soil properties required 
by AASHTO Specifications for static design are determined on the basis of the long-term 
(drained) strength parameters. Under seismic loading conditions, the short-term (undrained 
or total stress parameters) will determine the strength for sites characterized by soils with a 
cohesive content. To determine the incremental seismic loading, it will be necessary to 
determine the static earth pressure based on these total stress strength parameters, and then 
subtract this pressure from the seismic earth loads determined by wedge equilibrium or the 
generalized limit equilibrium method.  

The amplitude of the seismic earth pressure force is related to the seismic coefficient (kh), 
and this seismic coefficient is in turn related to the fundamental ground motion design 
parameter, peak ground acceleration (PGA). As discussed in the NCHRP 12-70 Report, 
numerous factors affect the earthquake pressure determination including (1) wave 
scattering that results in cancellation of the high frequency ground motion resulting in a 
lower equivalent seismic coefficient acting on a soil mass, and (2) the effects of apparent, or 
inherent cohesive strength of the soil during the short duration in transient loading (referred 
as c - φ soil effects). Neither the wave scattering nor the c - φ effects involve the concept of 
global wall displacement, and therefore, suggest that the traditional assumption of kh = 0.5 
PGA would also likely be applicable for freestanding cantilever walls so long as the 
movement of the walls are not restricted by nearby structures (e.g., abutment walls 
supporting a massive bridge structure, and perhaps anchored walls, which are potentially 
restrained from movement by pre-stressed tiebacks).  

Work that was conducted during the NCHRP 12-70 Project provides for a more rigorous 
way to rationalize the appropriate factor to use with the PGA for determining the kh 
parameter. More comprehensive procedures can result in a more economical design. Further 
reduction in the kh value for unusual wall heights (e.g., H greater than 40 feet), for lower 
long period motion sites (e.g., for CEUS and for rock sites), as well as for sites where the 
cohesion value of the backfill can be quantified. 

K7.2.4 P-Y Approach 
The earth pressure loading conditions discussed above can be analyzed in a load-deflection 
analysis with the structural component (i.e., walls and piles) modeled by the appropriate 
beam-column elements, and the soils beneath the excavation represented by nonlinear p-y 
curves. Conventional isolated pile p-y curves, such as the widely accepted API p-y criteria, 
can be used for isolated piles with the center-to-center pile spacing at or exceeding 5 pile 
diameters. Procedures for adjusting the isolated pile p-y curves for continuous walls where 
the embedded pile foundation forms a continuous structural wall have been recommended.  

P- and y-multipliers have been traditionally used for closely spaced isolated piles to account 
for pile-group effects. Analogous factors have been developed in this Appendix for 
continuous walls. The continuous wall multipliers can be used for isolated piles with a pile 
spacing less than or equal to a 3 pile diameters center-to-center pile spacing to account for 
potential soil arching effects for these closely spaced piles. The p-and the y-multipliers can 
be assumed to be unity for isolated piles at 5 pile diameters spacing. The multipliers can be 
linearly interpolated for intermediate spacings between 3 and 5 D.  
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For transportation projects, retaining walls are commonly used for sloping ground 
conditions such as the configuration shown in Figure K-16. Further modifications to the p-
multipliers have been proposed for analyzing the additional embedment depth required for 
both external and internal stability associated with sloping ground configuration. 

K7.2.5 Approach for Handling Uncertainties in Soil Properties 
The design practice should also account for uncertainty in soil properties. Much of the 
uncertainty in design relates to the basic uncertainty in the assumed p-y curves. Therefore, 
in addition to conducting analyses for the best-estimated design case, the design should 
evaluate the sensitivity of the solutions to the p-y curve characteristics.  

Note that the assumption that a softer p-y curve is conservative is not necessarily correct. 
This assumption is usually true if the design is conducted for a load-controlled system, 
which is most often the case for retaining wall where the seismic loads are pseudo-static 
loads, and the dynamic inertial interaction effects of the structural mass are neglected. The 
assumption that a softer p-y curve is conservative can be counter productive in the context 
of a displacement-based design adopted for most dynamic bridge problems. In this case the 
seismic demand and subsequent pushover static capacity analyses are measured by a 
displacement demand as opposed to a loading demand (e.g., static gravity load). Ultimately 
the design should be sufficiently robust that the designed structural system would perform 
adequately for a range of p-y curves sufficiently wide to reflect uncertainty in the various 
geotechnical parameters.  

Generally, conventional geotechnical practice has a much wider level of uncertainty in soil 
modulus parameters as compared to soil shear strength parameter. Therefore it generally 
would be sufficient to design the cantilever wall for smaller variation in the ultimate soil 
resistance (say 10 to 20 percent variation in variation in the ultimate soil resistance) as 
compared to the deflection characterization in the Winkler springs (say easily a two-fold 
variation in the deflection values). It has been shown that the wide variations in the Winkler 
spring values generally do not affect the structures in terms of the overall size of the 
required structural system, as well as the reinforcing and structural detailing requirements. 
The uncertainty in the Winkler spring characterization has a larger implication on the 
estimated displacements. However, for typical freestanding retaining walls, often the 
designed system can function satisfactorily for very large displacements.  
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