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Executive Summary

Caltrans currently uses a force-based method for the seismic analysis and design of standard
retaining walls. Preliminary studies show that this method is overly conservative. In addition,
Caltrans does not have any guideline for the seismic analysis and design of pile-supported
retaining walls. As a result, research is needed to establish a new method for the seismic analysis
and design of standard and pile-supported retaining walls. The new method is deemed to be a
displacement-based method. It should be readily applicable to Caltrans’ practice. It should be
also validated with existing experimental data sets, and verified against detailed finite element
models.
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1. Background

Earth retaining structures are an essential component of the transportation infrastructure. The
analysis and design of earth retaining structures in California is currently based on AASHTO
Load and Resistance Factor Design (LRFD) Bridge Design Specifications along with the
corresponding California Amendments [Appendix A]. This analysis and design approach uses a
force-based method to accommodate seismic loads. In a force-based method, the structure is
designed to have enough capacity to resist peak earthquake loads [Anderson et al., 2008]. Such
criterion, except for highly brittle structures, is overly conservative and implies additional costs
for Caltrans in comparison with displacement-based criteria [Kavazanjian et al., 2011].
The conservative philosophy of a force-based method does not consider the transient nature of
earthquake loads and that the duration of peak earthquake loads is short in comparison with
permanent gravity loads. In reality, it is allowable to have substantial yielding in a ductile
structure under extreme loads. Yielding will modify the dynamic behavior of the structure in a
way that a reduction in the force demand from the assumed elastic behavior will be acceptable
[Kavazanjian et al., 2011]. Another consequence of yielding will be an increase in the
fundamental period of the structure. As the fundamental period of the structure elongates, forces
will usually decrease while displacements will usually increase [Kavazanjian et al., 2011].
A displacement-based method is the alternative to Caltrans’ current approach to the analysis and
design of earth retaining structures. In a displacement-based method, the structure is allowed to
slide during extreme events [Anderson et al., 2008]. As a result, a reduction in seismic loads is
acceptable. Research is needed to establish a new displacement-based method for the seismic
analysis and design of standard retaining walls. In addition, the new method should offer
guidelines for the seismic analysis and design of pile-supported retaining walls. It should be also
validated with existing experimental data sets, and verified against detailed finite element
models.

2. Summary of Findings

Caltrans’ current approach to the seismic analysis and design of standard retaining walls is
overly conservative. In addition, Caltrans does not have any guideline for the seismic analysis
and design of pile-supported retaining walls. The new method which will be established through
this research study should be readily applicable to Caltrans’ practices. Therefore, it should
consider a broad range of retaining walls which Caltrans currently uses. Some examples are
depicted in Figures 1, 2, and 3 [Shamsabadi et al., 2013].

Figure 1. Semi-gravity cantilever walls (reproduced from [Shamsabadi et al., 2013])
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Figure 2. Counterfort walls (reproduced from [Shamsabadi et al., 2013])

Figure 3. Buttressed walls (reproduced from [Shamsabadi et al., 2013])

The current analysis and design of retaining walls in California use a force-based method to
accommodate seismic loads. In this method, the dynamic soil pressure is represented by pseudostatic forces which are calculated through either the Mononobe-Okabe method or the trial wedge
method [Appendix A]. As it is shown in Figures 4, 5, 6, and 7, the soil failure in both methods is
assumed to happen on a planar surface. The details of the two methods and the definitions of the
parameters in Figures 4, 5, 6, and 7 are explained in [Shamsabadi et al., 2013].

Figure 4. Mononobe-Okabe active pressure (reproduced from [Shamsabadi et al., 2013])
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Figure 5. Mononobe-Okabe passive pressure (reproduced from [Shamsabadi et al., 2013])

Figure 6. Trial wedge active pressure (reproduced from [Shamsabadi et al., 2013])
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Figure 7. Trial wedge passive pressure (reproduced from [Shamsabadi et al., 2013])

There are a number of research studies on the shortcomings of force-based methods and
advantages of displacement-based methods. Some findings from these research studies are
summarized in the following:

2.1. National Guidance

National Cooperative Highway Research Program. Report 611: Seismic analysis and design
of retaining walls, buried structures, slopes, and embankments (2008)
This report [Anderson et al., 2008] develops LRFD methods and specifications for the seismic
analysis and design of retaining walls. It addresses the limitations of the Mononobe-Okabe and
the trial wedge methods which Caltrans currently uses. It implies the need to better soil models
which account for soil cohesion and assume a soil logarithmic-spiral failure surface. It briefly
explains the potentials of using displacement-based methods and lowering seismic design
coefficients.
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Federal Highway Administration. Publication FHWA-NHI-11-032: LRFD seismic analysis
and design of transportation geotechnical features and structural foundations (2011)
This publication [Kavazanjian et al., 2011] recognizes that a force-based method designs a
structure to withstand peak earthquake loads. Such criterion, except for highly brittle structures,
is overly conservative since it does not consider the transient nature of earthquake loads and that
the duration of peak earthquake loads is short in comparison with permanent gravity loads. In
reality, it is allowable to have substantial yielding in a ductile structure under extreme loads.
Yielding will modify the dynamic behavior of the structure in a way that a reduction in the force
demand from the assumed elastic behavior will be acceptable. Another consequence of yielding
will be an increase in the fundamental period of the structure. As the fundamental period of the
structure elongates, forces will usually decrease while displacements will usually increase. This
phenomenon is illustrated in Figure 8.

Figure 8. Acceleration and displacement design spectra (reproduced from [Kavazanjian et al.,
2011])

This publication also recognizes that the trend is towards the use of displacement-based methods,
but force-based methods will be needed where capacity protection and higher performance goals
are necessary.

2.2. State Guidance

California Department of Transportation. Final Report CA10-2039: Full-scale shake table
test of retaining walls with and without sound wall (2011)
This report [Mock & Cheng, 2011] is an experimental investigation of the seismic behavior of
two retaining wall specimens by a full-scale shake table. The first specimen is a 6 ft tall semiPage 6 of 31

gravity cantilever wall. The second specimen is identical to the first, but has an additional 6 ft
tall sound wall on its top. The first specimen showed similar behavior to what had been
simulated by the Mononobe-Okabe method. The second specimen, however, showed a nonlinear pressure distribution along the height of the retaining wall. As a result, the MononobeOkabe method is not always appropriate to simulate the seismic behavior of retaining walls.

California Department of Transportation. Final Report CA13-2270: Development of
improved guidelines for seismic analysis and design of earth retaining structures (2013)
This report [Shamsabadi et al., 2013] presents Caltrans’ current approach to the seismic analysis
and design of earth retaining structures. It briefly explains a better soil model, i.e. the log-spiralRankine model [Shamsabadi et al., 2013b], which is especially preferable in passive pressure
calculations. It also addresses the limitations of classical limit equilibrium methods for the
performance-based design of retaining walls. An alternative approach to classical limit
equilibrium methods is to use a beam-column-spring model. This model, which is illustrated in
Figure 9, is also known as the “p-y” method. Using the continuum finite-element method is of
course another alternative approach to classical limit equilibrium methods.

Figure 9. Conceptual "p-y" method for a cantilever retaining wall (reproduced from [Shamsabadi
et al., 2013])

California Department of Transportation. Final Report CA13-2170: Seismic earth pressures
on retaining structures in cohesive soils (2013)
This report [Agusti & Sitar, 2013] includes experimental and numerical investigations of the
seismic behavior of two centrifuge models. The first model consisted of a 6 m tall cantilever and
a 6 m tall basement wall. The backfill in the first model was a horizontal silty clay soil. The
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second model consisted of a 6 m tall cantilever wall whose backfill was a sloped silty clay soil.
Both models were also simulated by FLAC2-D with non-linear constitutive equations for soil and
interface elements. The observations from the centrifuge experiments and the numerical
simulations showed that both static and seismic soil pressures vary linearly with the height of the
retaining wall. This report contains other recommendations for the seismic analysis and design of
retaining walls, but also recognizes that the calculation of the seismic soil pressure remains to be
a technical challenge and further research is needed.

2.3. Other Research

Fragility curves for gravity-type quay walls based on effective stress analyses. Ichii K; 13th
World Conference on Earthquake Engineering, Vancouver, British Columbia, Canada (2004)
The definition of the performance-based design of retaining walls is still controversial. This
paper is an example of studies where the permanent displacement of a retaining wall is defined to
be the damage measure. It therefore implies the importance of displacement-based methods. The
abstract of the paper is in the following:
“Recent development of effective stress-based FEM analysis has enables seismic
performance assessment of gravity-type quay walls for various geotechnical
conditions. However, with these performance assessments using FEM, it is only
possible to estimate the degree of deformation in a deterministic way, and another
probabilistic procedure like the fragility curve approach is preferable in some
case. This paper presents fragility-curves for gravity-type quay walls, which
consider various design conditions including liquefaction resistance of
foundations, based on results of FEM analyses.
A simple chart for seismic performance evaluation of gravity-type quay walls was
proposed based on parametric study with an effective stress-based FEM. The
chart can consider the effect of design seismic coefficient, liquefaction resistances
of backfill and foundation soils, and depth of foundation layer. The applicability
of the chart was verified with case histories. The results indicated that the chart
could evaluate a wide range of displacement of quay walls, ranging from
displacements in the order of one-tenth of meters to those one order higher, with
an accuracy of twice or half order.
A damage level index based on the magnitude of seaward displacement for
gravity-type quay wall was proposed based on restoration cost case histories.
Considering the difference between the observed displacements in case histories
and estimated displacements by the chart, a procedure to generate fragility curves
for each damage level of gravity-type quay walls was proposed. And, fragility
curves, which can consider the effect of design seismic coefficient, liquefaction
resistances of backfill and foundation soils, and depth of foundation layer, were
proposed as well.
The proposed fragility curves are quite useful for many situations, such as in the
assessment of restoration cost after an earthquake, in the real-time damage level
evaluation, and in the optimization of required seismic performance level based
on cost-benefit analysis.”
Page 8 of 31

A generalized log-spiral-Rankine limit equilibrium model for seismic earth pressure
analysis. Shamsabadi A, Xu SY, Taciroglu E; Soil Dynamics and Earthquake Engineering, 49:
197-209 (2013)
This paper offers an alternative to Caltrans’ current approach (the Mononobe-Okabe and the trial
wedge method) to the seismic analysis and design of earth retaining structures. The abstract of
the paper is in the following:
“A method of slices for estimating seismic earth pressures due to earthquakeinduced pseudo-static body forces is presented herein. The method is based on a
limit-equilibrium approach, and utilizes a composite logarithmic spiral failure
surface along which the Mohr-Coulomb failure criterion is enforced. The model
explicitly accounts for the magnitude of earthquake acceleration, the structure’s
height, the backfill soil properties (e.g., internal friction angle, and cohesion),
and the mobilized interface friction angle between the backfill and the earthretaining structure. Majority of the previous analytical (or semi-analytical)
methods neglect the effects of soil’s cohesion and/or use simple planar failure
surfaces. Parametric studies conducted with the proposed method, as well as a
number of prominent others indicate that the aforementioned simplifying
assumptions often yield significantly different estimates of seismic earth pressures
from the more general model proposed here, and that they may lead to suboptimal or unsafe designs.”

3. Gaps in Findings

A brief synthesis of the existing knowledge on the seismic analysis and design of earth retaining
structures was presented in Section 2. A number of gaps in the existing knowledge were also
identified. A list of the identified gaps is as follows:
•

•
•

•

•

Caltrans currently uses a force-based method for the seismic analysis and design of
standard retaining walls. Studies [Ichii, 2004; Kavazanjian et al., 2011] show that this
method is overly conservative.
Caltrans does not currently have any guideline for the seismic analysis and design of pilesupported retaining walls.
The current analysis and design of retaining walls in California use the Mononobe-Okabe
and the trial wedge method. The soil failure in both methods is assumed to happen on a
planar surface. Studies [Shamsabadi et al., 2013b] show that this soil model is simplistic
especially in passive pressure calculations.
The observations from the centrifuge experiments and the numerical simulations in
[Agusti & Sitar, 2013] showed that both static and seismic soil pressures on a retaining
wall vary linearly with its height. However, an experimental investigation of the seismic
behavior of a retaining wall specimen by a full-scale shake table [Mock & Cheng, 2011]
showed a non-linear pressure distribution along the height of the retaining wall. As a
result, the calculation of the seismic soil pressure on retaining walls remains to be a
technical challenge.
Classical limit equilibrium methods have limitations for the performance-based design of
retaining walls [Shamsabadi et al., 2013]. These methods assume that the retaining wall is
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•

rigid, and do not properly model the interaction between the backfill and the retaining
wall.
In pile-supported retaining walls, the constituent interactions in the soil-pile-cap system
have significant effects on the magnitude and the distribution of seismic soil pressures.
As the retaining wall displaces in a seismic event, the constituent interactions, therefore
the seismic soil pressure, will change. Force-based methods do not have the potential to
capture these phenomena.

Research is needed to address these gaps, but the gaps are not limited to the above list. As a
result of more research, more gaps may be identified and addressed.

4. Next Steps

Research is needed to address the gaps which were identified in Section 3, and to identify and
address other gaps in the existing knowledge on the seismic analysis and design of earth
retaining structures. A number of improvements were proposed in Section 2. A list of the
proposed improvements is as follows:
•

•

•

A new displacement-based method [Ichii, 2004; Kavazanjian et al., 2011] for the seismic
analysis and design of standard and pile-supported retaining walls should be proposed.
The new method should be readily applicable to Caltrans’ practice. It should be also
validated by existing experimental studies [Mock & Cheng, 2011; Agusti & Sitar, 2013]
and verified against advanced numerical models [Agusti & Sitar, 2013].
The new method should use an advanced soil model, e.g. the log-spiral-Rankine model
[Shamsabadi et al., 2013b], which is especially preferable in passive pressure
calculations. The soil model should be also validated by existing experimental studies
[Agusti & Sitar, 2013].
The new method should properly model the soil-wall interactions for all retaining walls
and the soil-pile-cap interactions for pile-supported retaining walls. It should be also
verified by advanced numerical methods, such as the “p-y” and the continuum finiteelement method [Shamsabadi et al., 2013]. These advanced numerical methods should
use pseudo-static as well as dynamic loadings.

The improvements are not limited to the above list. As a result of more research, more
improvements may be proposed and implemented.
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5. Contacts

The following people were consulted during the preparation of this report:
Anoosh Shamsabadi
Senior Bridge Engineer
State of California Department of Transportation
Phone: (916) 227-8217
Email: anoosh.shamsabadi@dot.ca.gov

Charles Sikorsky
Senior Bridge Engineer
State of California Department of Transportation
Phone: (916) 227-8759
Email: charles.sikorsky@dot.ca.gov
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Design criteria of standard earth retaining systems
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