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Introduction

This report presents a compilation of historical and recent technical references
regarding dynamic soil-structure interaction (SSI) and outlines a preliminary full
scale testing program for further investigation of soil-structure interaction of
concrete retaining walls under large magnitude seismic loading. This report
further documents completion of the first phase (Scoping Phase 1) of a proposed
five-phase research project funded under the Dam Safety Technology
Development Program.

The first part of this Scoping Phase 1 consisted of a literature review and
compilation of technical references to SSI focused specifically on concrete
retaining structures subjected to dynamic lateral earth pressures. The literature
review included widely accepted historical methods as well as recently completed
studies focused on numerical modeling and physical testing. One of the primary
objectives of the literature review was to determine if a full scale concrete
retaining wall shake table test has previously been performed and documented
within the United States research community or overseas, and to identify sources
of existing test data on the measured response of concrete retaining walls under
seismic loads. A compilation of technical references regarding dynamic SSI was
completed and is included as a compact disc (CD) (appendix A) in this report.

The second part of this Scoping Phase consisted of evaluating laboratory
capabilities at the Bureau of Reclamation (Reclamation) and other research
facilities to determine if dynamic testing of a full scale cantilever concrete
retaining wall is feasible and to then develop an appraisal-level design
configuration for testing such a full scale model based on the capabilities of the
identified testing facilities. An appraisal-level cost estimate for the proposed
testing based on the developed design configuration was also completed and is
presented in appendix C.

The final (third) part of this Scoping Phase 1 consisted of further development of
Reclamation’s own finite element capabilities specific to soil-structure
interaction. Specifically, independent finite element models were created using
both LS-DYNA [125] and FLAC [124] for purposes of comparison of results and
independent validation. The results of these finite element studies will be
documented separately in a report scheduled for completion as part of Planning
Phase 2 in fiscal year (FY) 2010.

Additional phases of the project are planned in subsequent fiscal years with
annual progression toward a full scale physical model test some time during
FY2013. Subsequent project phases are briefly outlined below:
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* Planning Phase 2—FY2010

o Procurement of a practicing PhD research consultant

o Cost-benefit analysis

o Identification of funding sources for final design engineering

o Identification of funding sources for construction

o Documentation of recent Reclamation SSI finite element study results
* Feasibility Phase 3—FY2011

o Laboratory site visit

o Feasibility-level design development

o Detailed cost estimates including reduced-scope testing alternatives

o Draft testing procedure including static and dynamic load requirements
as well as soil types and properties

o Detailed instrumentation and data acquisition requirements
o Pretest finite element analysis studies

* Final Design Phase 4—FY2012
o Final design level plans and specifications

o Final testing procedure including static and dynamic load requirements
as well as soil types and properties

o Final instrumentation and data acquisition requirements
o Final design level bid schedule and cost estimate
o Final contract documents and bid package
» Laboratory Testing Phase 5—FY2013
o Contractor evaluation and procurement

o Construction
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o Full scale shake table tests and data collection
o Data postprocessing
o Posttest finite element analysis studies

o New design guidelines for design and evaluation of concrete cantilever
retaining walls subjected to strong seismic ground motions

> Final report and closeout

Problem and Background

Reclamation has numerous spillways and other earth-retaining structures founded
on soil and backfilled with various embankment materials, some in high seismic
areas. Queries of Reclamation’s spillway database indicate that there are
approximately 35 gated spillway structures in Reclamation’s inventory located in
high seismic regions. Recent finite element analyses of spillway walls completed
by Reclamation indicate dynamic loads on the walls due to seismic lateral earth
pressures may be greater than or less than values predicted by traditional
analytical methods, such as Mononobe-Okabe or Wood. This would depend on
site-specific parameters such as foundation conditions and embankment alignment
as well as assumed model parameters such as numerical energy source and
boundary conditions. However, verifying the computed seismic earth pressures
from various finite element computer programs such as FLAC [124] and LS-
DYNA [125] has historically been problematic and unvalidated with physical
model testing. Recent small scale centrifuge model tests completed by others and
supported by numerical analyses suggest that dynamic earth pressures are
substantially less than those predicted by the traditional analytical methods [7].
Further, seismic performance of retaining walls, with a few exceptions, has
generally been satisfactory, even for wall systems originally designed with no
consideration of seismic loading.

Additional complications exist due to the limitations of traditional analytical
methods. Specifically, inherit assumptions of the Mononobe-Okabe or Wood
methods often result in difficulties analyzing and designing soil-structure systems
that are prevalent in, not only Reclamation’s spillway inventory, but the
infrastructure inventory of many other federal agencies, such as other Department
of the Interior agencies, the United States Army Corps of Engineers, the Natural
Resources Conservation Service, and the Federal Highway Administration.
Specifically, the Mononobe-Okabe method is limited to small to medium ground
accelerations requiring that the seismic inertial angle (y) be less than or equal to
the backfill’s angle of internal friction (¢). Wood’s method is not limited by the
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magnitude of ground accelerations; however, Wood’s method assumes a
nonyielding wall system with no groundwater within the backfill and no soil
cohesion. The existing field conditions for many of Reclamation’s spillway walls
are inconsistent with these fundamental assumptions.

Efforts to either validate historical analytical methods or to develop new
guidelines for dynamic SSI have increased substantially over the last several
decades. Studies including physical model testing in conjunction with numerical
analyses are prevalent throughout the technical literature. Physical model testing
has traditionally consisted of small scale model centrifuge testing with
cohesionless sand backfill. The primary reason for focused efforts on scaled
model testing is economic. Specifically, as presented herein, costs are nontrivial
for developing and executing a full scale shake table test of a cantilever concrete
retaining wall, and boundary effects associated with full scale testing are
problematic. Conversely, small scale model centrifuge testing is far less
expensive; however, sand backfill is exclusively used for such tests because of
scaling effects associated with soil cohesion. Numerical analyses performed to
verify physical model test results are often not completed independently of the
model testing. Convenient dismissal of nonconforming physical model test data
or massaging of numerical model boundary conditions at the soil-wall interface to
validate research results is common practice. As a result, no industry standard
guidelines or methodologies have been developed to supplant the traditional
Mononobe-Okabe and Wood methods.

Experience has shown the importance of the dynamic SSI issue to Reclamation.
Bradbury Dam is a good example of the potential far-reaching impacts regarding
quantification of seismic lateral earth pressures. Bradbury Dam is a Reclamation-
owned dam located on the Santa Ynez River approximately 25 miles northwest of
Santa Barbara, California. The dam is a zoned earthfill structure, 279 feet high,
with a crest length of 3,350 feet, and crest width of 40 feet at elevation 766.0.
Between 1994 and 1995, dam safety modifications were constructed including
downstream modifications of the embankment to eliminate the potential for
failure of the dam due to earthquake-induced liquefaction of the foundation
alluvium. In addition, the spillway crest structure was demolished and replaced
with a new crest structure to accommodate the embankment modifications and to
substantially increase seismic-load-carrying capabilities above those used for the
original design in the early 1950s. The new crest structure was designed in the
early 1990s using a deterministic approach consistent with standard engineering
design practices at the time. As such, an effective pseudo-dynamic horizontal
acceleration of 0.7g was used for the new crest structure design.

Since construction of the new crest structure was completed in 1995, earthquake
engineering has evolved significantly and transitioned from a deterministic
approach to a probabilistic approach. Identification, evaluation, and
documentation of potential seismic sources have expanded exponentially with the
progression of the Internet and the personal computer. As a result, the current
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probabilistic seismic hazard for Bradbury Dam is significantly greater than the
hazard used for design and construction of the 1995 modifications. Specifically,
the current seismic hazard data points include:

* 3,100-year event (3.2 x 10™) = 0.7g peak ground acceleration (PGA )
* 10,500-year event (9.5 x 10°) > 1.0g PGA
* 50,000-year event (2.0 x 10°) = 1.6g PGA

Risk analyses recently completed using the current seismic hazard indicate that
risks are above Reclamation’s public protection guidelines [122], and a second
rehabilitation of the spillway crest structure 15 years following construction of the
first rehabilitation is very possible.

There are an estimated 35 gated spillway structures in Reclamation’s inventory
located in high seismic zones as part of embankment dam projects that could
potentially require future remediation if seismic hazards continue to increase as
they have over the past several decades. Several recent design modifications have
incorporated extremely conservative, limit state approaches to dynamic SSI.
Specifically, rehabilitation projects located in high seismic areas, such as Deer
Creek Dam and Echo Dam, have utilized lateral earth loads based on static, limit
state, passive, lateral earth pressure coefficients to avoid the limitations of
traditional dynamic methods and conflicting results from dynamic numerical
modeling. For a typical 15-foot high cantilever retaining wall with cohesionless
backfill and a pseudo-dynamic horizontal acceleration of 0.6g, the ratio of total
computed shear at the base of the wall stem using passive limit state pressures to
that computed using the Mononobe-Okabe method (static active pressure plus
dynamic pressure) is 1.8.

One approach to mitigate this problem is to determine if seismic lateral earth
pressure loads resulting from increased seismic hazards are less than those
determined using traditional methods or, in certain instances, less than those
predicted by high numerical analyses. Completion of a full scale, concrete
retaining wall, shake table test could provide valuable insight in this regard and
potentially save millions of dollars in rehabilitation construction costs for
Reclamation spillway walls.

This SSI research project, at the completion of all four phases, will help answer
the questions that continue to arise as Reclamation is faced with detailed analysis
and modifications of spillways and other earth-retaining structures in areas of
increased or high seismicity. This research is for developing a better analytical
tool to predict the seismic lateral earth pressures for configurations that include
groundwater effects, cohesion effects, nonhorizontal zone effects and
compaction/in-place density effects under various ground accelerations.
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The project will likely culminate with a full scale model testing program to verify
analytical results and either establish new evaluation and design standards for SSI
or confirm criteria established by historical methods.

Literature Search and Review

The problem of retaining soils is one of the oldest in geotechnical engineering.
Some of the earliest and most fundamental principles of soil mechanics were
developed to allow rational design of retaining walls. Lateral earth pressures are
those imparted by soils onto vertical or nearly vertical supporting surfaces of
retaining structures. Two of the pioneers in the effort to quantify and evaluate
lateral earth pressures were Coulomb and Rankine. Many others have since made
significant contributions to our knowledge of static earth pressures; however, the
work of Coulomb and Rankine was so fundamental that it still establishes the
methodology for earth pressure calculations and retaining wall design today.

The magnitude of lateral earth pressures is mostly related to the movement of the
retaining structure. Minimum (active) and maximum (passive) earth pressures
occur when the retaining structure moves away from and into the soil mass,
respectively. At-rest earth pressures fall in between these two extremes and occur
when the retaining system does not move or is prevented from moving.

Coulomb [17] first studied the problem of lateral static earth pressures on
retaining structures. He used force equilibrium to determine the magnitude of the
soil thrust acting on the wall for the minimum active and maximum passive
conditions. Known as the wedge theory, the analysis assumes a linear slip plane
within the soil mass and assumes full mobilization of the shear strength along the
assumed failure surface without considering the existing state of stress in the soil.
Since the problem is statically indeterminate, a number of potential failure
surfaces must be considered in the analysis to identify the critical failure surface.
Interface friction between the wall surface and the backfill can be included as an
analysis parameter.

Rankine [70] later developed a simpler procedure than Coulomb’s wedge theory.
Rankine’s procedure makes simplifying assumptions about the stress conditions
and the strength envelope of the soil mass behind the wall resulting in a statically
determinate problem and, as a result, allowing for direct computation of the static
earth pressures acting on retaining structures. Specifically, the Rankine theory of
lateral earth pressures for active and passive conditions is used to estimate the
state of stress within the soil mass that, because of displacement of the wall into
(passive) or away from (active) the soil, is transformed from an at-rest state to a
state of plastic equilibrium. Unlike the in Coulomb analysis, the orientation of the
assumed linear slip plane within the soil mass can be computed directly because
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the problem is statically determinant. The Mohr-Coulomb shear strength
relationship defines the shear stress along the slip plane at failure.

In addition to Coulomb’s wedge theory and Rankine’s theory, numerous other
researchers and engineers have developed relationships for active and passive
earth pressure, based on the assumption of a logarithmic failure surface. This
logarithmic spiral procedure results in values similar to those of Coulomb’s
wedge theory and Rankine’s theory for both active and passive earth pressures
when the friction angle between the backfill and the wall surface (3) is zero (see
figure 1). For wall interface friction angles greater than zero, the wedge method
and the logarithmic spiral procedure result in nearly the same value for active
earth pressures. For all wall friction angle (6) values, the logarithmic spiral
procedure results in values reasonably similar to those of Rankine for passive
earth pressures; however, the accuracy of the passive earth pressure computed
using the wedge method diminishes with increasing values of wall interface
friction (J), due to the fact that the boundary of the failure block becomes
increasingly curved [123].

The evaluation of seismically induced lateral earth pressures on retaining
structures, however, represents a significantly more challenging problem than that
of active and passive conditions. Specifically, retaining structures that performed
satisfactorily for many years based on design practices consistent with Coulomb-
Rankine lateral earth pressure theory did not perform as well during earthquakes.
In fact, some earthquakes have permanently deformed retaining structures. In
some cases, the observed deformations were small, while in others, deformations
were significant causing serious damage. As a result, the engineering community
recognized that properly designing earth-retaining systems for seismic loading
had become essential.

The dynamic response of even the simplest type of retaining wall is a complex
soil-structure interaction. Wall movements and dynamic earth pressures depend
on the response of the soil underlying the wall, the response of the backfill, the
inertial and flexural response of the wall itself, and the nature of the input
motions. Seismic earth pressures are traditionally estimated from the Mononobe-
Okabe (M-O) method (Okabe [63]; Mononobe and Matsuo [60]). However, the
excellent performances of some retaining walls during major earthquakes, such as
San Fernando (1971), Loma Prieta (1989), Northridge (1994), Kobe (1995), Chi-
Chi (1999), Athens (1999), and Wenchuan (2008), have indicated that the M-O
method may overestimate seismic earth pressures. This apparent disconnect
between theory and field performance along with the extents and complexity of
the problem has resulted in a significant amount of research over the past several
decades regarding the problem of seismically induced lateral earth pressures.
While many of these theoretical, experimental, and analytical studies have been
completed on the subject of seismic earth pressures, to date, there seems to be no
general agreement on a seismic design or evaluation method for retaining
structures [7]. Given the importance of the seismically induced lateral earth
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pressure problem in the design of retaining structures in seismically active areas,
it is curious that development of a standardized approach or industry-accepted
guideline has not evolved from all the research efforts in this field of study.

The Scoping Phase of this study started with an extensive literature review of
previous analytical, numerical, and experimental work related to dynamic earth
pressures. The number of studies and publications on the topic is staggering.
Google search results on the topic of soil-structure interaction illustrate this:

e “Soil AND structure AND interaction” found 432,000 results
e “Soil AND structure AND interaction AND seismic” found 87,000
e “Soil AND structure AND interaction AND seismic AND dams,” 77,600

Refined Internet sources, such as deep web databases and Internet research center
libraries, help reduce the overwhelming data hits on the subject, but the number of
applicable papers, theses, presentations, and technical manuals on seismic earth
pressures is still staggering. Over 100 technical papers and over 10 technical
criteria manuals were collected for these Scoping Phase 1 studies and are included
on a CD library (appendix A) to this report. Review of the literature was
considered a vital first task in the Scoping Phase 1 to:

e Capture and summarize methods for evaluation and design of retaining walls
subjected to seismic lateral earth pressure

* Evaluate and compare the vast number of studies that have recently been
completed using numerical methods, typically involving finite element
analyses

» Compare the scope, results, and conclusions of physical testing in regards to
dynamic soil-structure interaction to determine if any previously completed
testing applies to the specific problem of Reclamation spillway walls or if
full scale shake table testing is justified

Assess the performance of existing retaining walls under seismic loading based on
documented field observations compared with predicted performance based on
historical design criteria.

Analytical Methods

As Stadler [85] and Sitar [7, 84] suggest, analytical solutions for the dynamic
earth pressures problem can be divided into three broad categories depending on
the magnitude of the expected wall deflection. These categories include rigid-
plastic, elastic, and elasto-plastic methods. Relatively large wall deflections are
usually assumed for rigid-plastic methods, while very small deflections are
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assumed for elastic methods. Elasto-plastic methods, appropriate for moderate
wall deflections, are usually developed using finite element analyses and are
therefore presented under the numerical methods section of this report.

It is important to note that, due to the significant number of variables and
parameters involved with dynamic soil-structure interaction, analytical methods
are generally based on idealized assumptions and simplifications that do not
necessarily represent the real seismic behavior of the retaining structure-soil mass
system. Therefore, many researchers believe that analytical methods often result
in overly conservative estimates of dynamic earth pressures [7, 84].

Rigid-Plastic Methods

Rigid-plastic methods generally assume large wall deflections and are either force
based or displacement based. The most commonly used force-based rigid-plastic
methods are the M-O and Seed and Whitman [79] methods. Displacement

methods are generally based on the Newmark [62] or modified Newmark sliding
block.

Okabe [63], in 1924, and Mononobe and Matsuo [60], in 1929, performed the
pioneering work for dynamic soil-structure interaction in Japan following the
Great Kwanto Earthquake. The method proposed by these researchers is known
as the Mononobe-Okabe (M-0) method and, along with its derivatives, has
generally been considered the most commonly used approach to determine
seismically induced lateral earth pressures. The M-O method is based on
Coulomb’s wedge theory of static lateral earth pressures and was originally
developed for gravity walls retaining cohesionless backfill.

The M-O theory includes the effects of earthquakes through the use of constant
horizontal acceleration and constant vertical acceleration, expressed as a fraction
of the acceleration of gravity. The acceleration is assumed to act on the soil mass
comprising Coulomb’s active or passive wedge. The M-O theory further assumes
that wall movements are sufficient to fully mobilize the shear resistance along the
backfill wedge slip plane, which is consistent with the Coulomb wedge theory.

The M-O theory computes the net static and dynamic force acting on the retaining
structure. For positive horizontal accelerations (soil accelerates toward the wall),
the net dynamic active force (Pag) is greater than the net static active force (P,),
and the net dynamic passive force (Ppg) is less than the net static passive force
(Pp). Thus, compared with static conditions, the seismic earth pressures increase
from the driving side soil mass and decrease from the resisting side soil mass.
The M-O force diagram is presented in figure 1. A limitation of the M-O method
in higher seismic regions is that the soil angle of internal friction (¢) must be
greater than the seismic inertial angle (), which is a function of the horizontal
acceleration. The M-O equations yield negative radicals (complex numbers)
under such large seismic accelerations. A summary of the fundamental M-O
assumptions is presented below (Seed and Whitman [79]):
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The wall yields sufficiently when subject to active pressures as shown in
table 1.

The backfill is cohesionless.

The soil is assumed to satisfy the Mohr-Coulomb failure criterion.

When the minimum active pressure is attained, a soil wedge behind the wall
is at the point of incipient failure, and the maximum shear strength is
mobilized along the potential slip plane.

Failure in the backfill occurs along a slip plane surface that is inclined at
some angle with respect to the horizontal backfill passing through the toe of

the wall.

The soil wedge behaves as a rigid body, and accelerations are constant
throughout the mass.

Equivalent static horizontal and vertical forces, Wk, and Wk, are applied at
the center of gravity of the wedge and represent the earthquake forces.
Parameters kjy and k, represent gravitational accelerations in the soil wedge.
Liquefaction is not a consideration for the backfill.

The backfill is completely above or completely below the water table, unless
the ground surface is horizontal, in which case the backfill can be partially
saturated.

The ground surface is planar, not irregular or broken.

Any surcharge is uniform and covers the entire soil surface.

The soil angle of internal friction must be greater than the seismic inertial
angle—o >y (nonsloping backfills).

Table 1.—Required wall movements for development of M-O pressures

Values of y/H

Backfill type Active Passive
Dense sand 0.001 0.01
Medium dense sand 0.002 0.02
Loose sand 0.004 0.04

Notes: y = horizontal displacement at the top of the wall; H = height of wall
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Figure 1.—Forces considered in Mononobe-Okabe analysis [7].

Based on the M-O method, the active lateral thrust can be determined by the static
equilibrium of the soil wedge shown in figure 1. The maximum dynamic active
thrust per unit width of the wall, Pag, is determined by optimizing the angle of the
failure plane to the horizontal plane, and is given by:

1
PAp = E'Y'Hz'(l — k) Kag

cos (6 —y —B)°

sin(¢ + 0)-sin(® —i— ) )2
cos(0+ B + y)-cos(i—P)

KAE =

COS(W)-COS(B)2-008(8+ B+ \V)(l +j

where,
PAp = maximum dynamic active force per unit width of the wall
Kag = total lateral earth pressure coefficient
v = unit weight of the soil
H = height of the wall
¢ = angle of internal friction of the soil
0 = angle of wall friction
1 = slope of ground surface behind the wall
B = slope of the wall relative to the vertical
ky = horizontal wedge acceleration divided by g
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k, = vertical wedge acceleration divided by g

= atan k,
v -k,

The M-O method gives the total active thrust acting on the wall but does not
explicitly give the point of application of the thrust or the dynamic earth pressure
distribution. The point of application of the M-O active thrust is assumed to be at
H/3 above the base of the wall.

Seed and Whitman [79] performed a parametric study to evaluate the effects of
changing the angle of wall friction (3), the friction angle of the soil (@), the
backfill slope (B) and the vertical acceleration (ky) on the magnitude of dynamic
earth pressures. The results of the Seed and Whitman studies concluded that the
maximum total earth pressure acting on a retaining wall (Pag) can be divided into
two components: the initial static active pressure (P,) and the dynamic increment
due to the seismic base motion (APAg). As a result, Seed and Whitman [79]
suggested that the static, incremental dynamic, and total lateral earth pressure
coefficients for dynamic soil-structure interaction are related as follows:

Kar =K, + AKg

where the dynamic earth pressure increment coefficient AKag is approximately
equal to % ky, for the case of a vertical retaining wall with horizontal backfill slope
and a soil internal friction angle of 35°. Other significant findings of the Seed and
Whitman [79] studies included:

* The determination that the point of application of the dynamic incremental
thrust force (APag) should be between one half to two thirds the wall height
above the base

* The peak ground acceleration occurs for an instant and does not have
sufficient duration to cause significant wall movements. As a result, a
recommended reduced ground acceleration of about 85% of the peak value
should be used for the seismic design of retaining walls.

* Many walls that are adequately designed exclusively for static earth
pressures will automatically have the capacity to withstand earthquake
ground motions of substantial magnitudes, and, in many cases, special
seismic earth pressure provisions may not be required for satisfactory
performance during significant seismic events.

Displacement-based methods have generally been developed for gravity retaining
walls and are typically based on the Newmark [39] and modified Newmark
sliding block model. The displacement-based methods involve calculating an
acceleration coefficient value based on the amount of permissible displacement of
the wall. This reduced acceleration coefficient is then used in conjunction with
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the M-O method to determine the dynamic thrust. Wall inertial effects are usually
accounted for in displacement-based methods based on determination of the
acceleration coefficient value. Richards and Elms [72] observed that inertial
forces on gravity retaining walls can be significant and concluded that the M-O
method provides adequate estimates of seismic earth pressures provided that wall
inertial effects are properly accounted for as a separate load. Other examples of
such methods are Zarrabi [105] and Jacobson [43].

Elastic Methods

Elastic methods were originally developed and applied for the design of basement
walls that would be expected to experience very small displacements under
seismic loading and, as such, can be considered as rigid, nonyielding walls. The
fundamental assumption for the elastic methods is that the relative soil-structure
displacement generates soil stresses in the elastic range of the material. Elastic
methods are usually based on elastic wave solutions and are thought to represent
upper-bound dynamic earth pressures and, as a result, produce seismic loads
greater than those of the M-O method. Wood’s method [99] is the most widely
accepted and widely used method under the category of elastic methods. Other
elastic method studies include Matsuo and Ohara [59], Tajimi [91], and

Scott [77].

Wood’s method is based on linear elastic theory and on idealized representations
of the wall-soil structural system [7]. Wood performed an extensive study on the
behavior of rigid retaining walls subject to earthquake loading and provided chart
solutions for the cases of arbitrary horizontal forcing of the rigid boundaries and
for a uniform horizontal body force. Wood determined normal mode solutions for
the cases of uniform soil modulus and soil modulus varying with depth. Wood’s
solutions are slowly convergent for practical problems and, as a result, Wood
presented approximate procedures based on findings from the normal mode
solutions. The normal stress distributions along the back of the wall were found
to be related to Poisson’s ratio and the lateral extent of the backfill behind the
wall. Wood’s method predicts a total dynamic thrust approximately equal to
2yHk;, acting at a height equal to 0.58H above the base of the wall. Figure 2
presents Wood’s formulation for the case of a uniform horizontal body force.

Numerical Methods

Numerical modeling efforts have been applied to verify the seismic design
methods in practice and to provide new insights into the problem of dynamic SSI.
Various assumptions have been made, and several numerical codes have been
used (e.g., PLAXIS, FLAC, SASSI, LS-DYNA, and GT STRUDL) in an attempt
to further evolve the solution to the problem. While elaborate finite element
techniques and constitutive models are available in the literature to determine the
seismic lateral soil pressure for design, simple methods for quick prediction or
prescriptive development of dynamic soil pressures are rare [7]. Moreover, while
some of the numerical studies reproduced experimental data quite successfully;
independent predictions of the performance of retaining walls are not

available [7]. Specifically, most studies consist of performing small scale

13



Soil-Structure Interaction—Scoping Phase 1

Figure 2.—Wood [99] rigid problem.

centrifuge model testing followed by a detailed finite element study, the purpose
of which is to match the results of the physical testing. With the sophistication of
current finite element codes in terms of nonlinear contact surface and nonlinear
material types, changing parameters to match physical results is not uncommon.
This is especially true at the soil mass-concrete interface. Another technique used
to declare one-to-one correspondence between physical testing results and finite
element results is selective sampling of physical data. Selective sampling consists
of removing or ignoring physical test data that do not fit well or match up with
numerical results. Hence, the predictive capability of the various finite element
studies is not clear. While discussion of all numerical studies completed in the
field of dynamic SSI would be impossible due to the vast number of studies,
selected studies on numerical methods in the field of dynamic SSI are
summarized in the following paragraphs.

Clough and Duncan [14] performed the first true numerical study using finite
element methods to model static SSI behavior where the interface effects between
the structure and the surrounding soil were included. Wood’s studies [99]
included modeling a rigid retaining wall—soil system using linear plane-strain
elements and found a favorable comparison of the numerical results with
analytical calculations for rigid walls. Aggour and Brown [2] conducted
two-dimensional plane-strain finite element analyses on a 20-foot high cantilever
retaining wall to study the effects of wall flexibility and backfill geometry on the
dynamic earth pressure distribution. They concluded that greater wall flexibility
reduces the total dynamic moments acting on the retaining structure and that the

14



Literature Search and Review

shape of the backfill has considerable effects on the frequencies of the soil-
structure system [7].

Siddharthan and Maragakis [83] conducted finite element analyses to model the
dynamic behavior of a flexible retaining wall supporting dry, cohesionless soil.
They modeled soil nonlinear hysteretic behavior and validated their model by
comparing results to recorded responses from a dynamic, small scale, model
centrifuge experiment. Their studies concluded that high bending moments and
low wall deflections occur for stiff retaining walls supporting loose, sandy
backfills.

Steedman and Zeng [87] proposed a pseudo-dynamic numerical model for seismic
earth pressures, taking into account dynamic amplification and phase shifting, and
validated their model with results from a small scale model centrifuge experiment.
They concluded that the dynamic thrust component (APag) acts approximately
one-third above the base of the wall. Veletsos and Younan [92] modeled flexible
retaining walls and concluded that forces acting on flexible walls are much lower
than those acting on rigid ones.

Green et al. [31] performed a series of nonlinear dynamic response analyses of a
cantilever retaining wall—soil system using the FLAC computer code [124] and
concluded that at very low levels of acceleration, the seismic earth pressures were
consistent with those predicted by the M-O method. However, as accelerations
were increased, seismic earth pressures were greater than those predicted by the
M-O method [7]. This deviation was attributed to the flexibility of the retaining
wall system and to the observation that the driving soil wedge does not respond
monolithically, but rather responds as several wedges [31]. Gazetas et al. [28]
performed a series of finite element analyses on several types of flexible retaining
systems subjected to brief, moderately strong excitations. They concluded that as
the degree of realismin the numerical model increased, the results were
consistent with the frequently observed satisfactory performance of retaining
systems during strong seismic shaking [7].

To investigate the characteristics of the lateral seismic soil pressure on building
walls, Ostadan [67] performed a series of dynamic SSI analyses using the
computer code SASSI [126] that resulted in predicted seismic earth pressures
comparable to or greater than Wood’s method, with the maximum earth pressure
occurring at the top of the wall.

Madabhushi and Zeng [57] of Cambridge University performed finite element
analyses of a gravity wall and a flexible cantilever retaining wall with dry and
saturated backfills subjected to seismic loads using the computer code
SWANDYNE developed by Chang [10]. The analysis results were verified by
small scale model dynamic centrifuge tests. It was found that the total bending
moments on the walls significantly increased above those predicted by the M-O
method during seismic loading, and the residual moments after the earthquake
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were much higher than the static bending moments before the earthquake.
Further, the effect of the seismic loading was much more severe for a cantilever
retaining wall with saturated backfills than that of a cantilever retaining wall with
dry backfills. Ling et al. [53] conducted parametric studies at Columbia
University on the behavior of reinforced soil retaining walls under seismic
loading, using a modified version of DIANA-SWANDYNE-II [127].

Reclamation has recently completed several numerical studies using the finite
element software LS-DYNA [125] and FLAC [124]. Specifically, different
researchers independently developed two finite element models, one using
LS-DYNA and the other using FLAC. Time history analysis results compared
favorably between the two models and resulted in dynamic soil loads consistent
with those predicted by Wood’s method but greater than those predicted by the
M-O method. The results of these finite element studies will be documented
separately in a report scheduled for completion as part of Planning Phase 2 in
FY2010. Additional finite element evaluations by Reclamation are on-going as
part of project work for Bradbury Dam, Echo Dam, and Scoggins Dam.

In summary, the numerical approaches in commercial software, such as

FLAC [124], LS-DYNA [125] and SASSI [126], generally provide more
conservative seismic earth pressures than the widely accepted M-O method. This
is primarily due to the conservative assumptions and constitutive soil models
embedded in the commercial software [7]. However, the variability in results is
significant, and general convergence of solutions resulting in a development of a
new simplified method of design or evaluation is unlikely due to the variability of
material models, contact surface algorithms and boundary condition assumptions
inherent to all finite element studies.

Physical Testing

The physical testing in the field of seismic earth pressures on retaining walls can
be divided into the four groups: small scale, 1g shake table tests, dynamic small
scale centrifuge tests, medium to large scale shake table tests, and field tests.

Small Scale, 1g Shake Table Tests

A significant aspect to development of the widely accepted M-O method was the
first known physical experiments that Mononobe and Matsuo performed in Japan
for investigating seismic earth pressure on retaining walls [60]. The experiments
used a rigid, small scale, 1g shake table. The 9-foot long by 4-foot wide by 4-foot
or 6-foot high sand boxes that contained the relatively loose and dry sands were
set on rollers as shown on figure 3. A winch driven by a 30-horsepower electric
motor provided the horizontal simple harmonic motion of the shake table, and the
hydraulic pressure gauges at the top of the sand boxes measured the resulting
seismic earth pressures.
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Figure 3.—Setup of Mononobe and Matsuo [60] experiments.

Matsuo [58], Ishii et al. [41], Matsuo and Ohara [59], Sherif et al. [82], Bolton
and Steedman [8], Sherif and Fang [81], Steedman [86], Ishibashi and Fang [40],
and others performed similar experiments using small scale, 1g shake tables.
Although all of these experimental results generally supported the predictions of
the M-O method, other researchers, such as Atik and Sitar [7], have identified the
limitations of the small scale, 1g shake table. One limitation is the inability to
replicate in-situ soil stress conditions, especially for granular backfills.

Dynamic Small Scale Centrifuge Tests

Bolton and Steedman [8, 9] and Steedman [86] conducted dynamic small scale
centrifuge tests at Cambridge University in England on concrete and aluminum
cantilever retaining walls supporting dense and dry sands. During the same time
frame, Ortiz [66] at Caltech performed a series of dynamic small scale centrifuge
tests on cantilever retaining walls with medium dense and dry sands. Although
most of these dynamic small scale centrifuge test results generally supported the
magnitude of total lateral earth force predicted by the M-O method, conclusions
regarding the location of the resultant above the base of the wall varied from one-
half to one-third of the wall height, instead of the two-thirds wall height level
predicted by the M-O method. Steedman and Zeng [87, 88] and Zeng [105]
suggested that, based on their dynamic small scale centrifuge tests, the dynamic
amplifications or attenuations of the ground motions and the phase shifting
between the wall and supported backfills play an important role in determination
of the magnitudes and distributions of seismic earth pressures.
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Stadler [85] and Dewoolkar et al. [18] at the University of Colorado performed a
series of dynamic centrifuge tests on cantilever retaining walls supporting dry,
medium dense sands, and saturated, liquefiable cohesionless backfills,
respectively. The important conclusions from their research are summarized as:

* Excess pore pressures in liquefiable backfills contribute significantly to
seismic earth pressures.

* Maximum dynamic thrust is a linear function of the magnitude of the
average base shaking acceleration.

* If the backfills liquefy completely, the residual thrust at the end of shaking is
independent of the flexural stiffness of the wall and is about 50 percent of the
active static thrust.

* The distribution of total lateral earth pressures is approximately triangular,
but the distribution of seismic earth pressures varies from up-triangular to
down-triangular. The line of action of total lateral earth pressures varies
between 0.6 and 0.8 of the wall height during shaking.

* Flexible walls may experience significant bending stresses due to inertia
effects of the wall, in addition to the stresses caused by the changes in total
lateral earth pressures.

Moreover, Stadler [85] suggested that the seismic acceleration coefficients used in
the M-O method could be reduced by 20 to 70 percent of the horizontal peak
accelerations to match the experimental results from the dynamic small scale
centrifuge tests. This particular conclusion is consistent with the conclusions of
Whitman [94].

Nakamura [61] of the University of California at Davis and Al Atik [7] of the
University of California at Berkeley have made recent advances in dynamic
centrifuge tests on gravity retaining walls as shown in figure 4. These more
recent dynamic small scale centrifuge tests of flexible cantilever retaining walls
supporting granular, dry, medium dense soils with level ground, and
nonliquefiable backfill concluded:

* Contrary to the M-O method rigid wedge assumption, the part of the backfill
that follows the movement of the retaining wall deforms plastically when
sliding down.

* Also contrary to the M-O method, peak inertial forces from the wall and
forces from the backfill occur at different times. That is, the seismic
acceleration is transmitted instantaneously through the wall and then
transmitted into the backfill.
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Figure 4.—Nakamura [61] centrifuge model, horizontal shaking direction (in mm).

¢ Seismic accelerations are not uniform on the wall or in the backfill.

* Seismic earth pressures are approximately zero when the inertial force of the
wall is at its maximum, which indicates that the seismic earth pressure and
inertial force are not in phase.

* Maximum seismic earth pressure increases with depth and can be reasonably
approximated by a triangular distribution.

* The traditional M-O and the Seed and Whitman [79] methods overestimate
the magnitude of the maximum induced seismic earth pressure.

Medium to Large Scale Shake Table Tests

While the literature review completed as part of this Scoping Phase 1 did not
identify any previously documented medium to large scale shake table tests
consistent with field configurations of Reclamation spillways, noteworthy
medium to large scale dynamic SSI studies performed for other earth-retaining
systems are summarized in the following paragraphs for completeness and future
reference.

Richards [72] pioneered medium to large scale shake table testing of reinforced
earth-retaining walls. Futaki et al. [106, 107] performed large scale shake table
tests on a 20-foot high reinforced earth-retaining wall and a 16-foot high multi-
anchor earth wall. Richards et al. [73] used a shake table of plan dimensions

20 feet by 10 feet at the State University of New York at Buffalo to verify the
predicted threshold accelerations for seismically induced rotations or sliding of a
small scale gravity-wall bridge abutment. In general, large scale shake table tests
on reinforced soil-retaining walls appears to be prevalent in the literature as
identified by Ling [53] who summarized the work of several researchers
completing shake table tests for reinforced earth systems.
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Hazarika et al. [36] performed a series of large scale underwater shake table tests
on two gravity type model caissons: one with conventional sandy backfills

(Case A), and another with tire chips cushion protection (Case B). The three-
dimensional, 18.5-foot diameter underwater shake table at the Port and Airport
Research Institute in Japan was installed in a 50-foot by 50-foot by 6.5-foot deep
pool of water. It was observed that the incremental dynamic earth pressures acted
in the opposite direction of the inertia forces for Case B (i.e., phase shifting) but
in the same direction for Case A. This resulted in measured, horizontal, seismic
earth pressures that were significantly less for Case B than Case A. Moreover, the
seismic earth pressures in Case A did not stabilize immediately at the end of
loading sequence due to residual earth pressures, but the seismic earth pressures
did stabilize immediately at the end of loading in Case B. This implied that the
residual earth pressures in Case B were much less than those in Case A.

Kagawa et al. [45] compared dynamic centrifuge tests with large scale shake table
tests for three case studies completed for soil-pile-structure systems. The large
one-dimensional shake table of plan dimensions 50-feet by 50-feet at the National
Research Institute for Earth Science and Disaster Prevention in Japan was used. It
was concluded that the two types of tests yielded comparable results for these
case studies but also that key differences exist. For example, excess pore-water
pressures were developed and redistributed differently in the two different test
setups.

Field Tests

Several noteworthy free and forced vibration dynamic SSI tests have been
conducted in the field. For example, Amano et al. [110] conducted free and
forced vibration field tests on a pier at the Port of Kobe. Aliev et al. [109]
investigated the effects of foundation soils on seismic earth pressures on retaining
walls by performing field tests. Fukuoka and Imamura [108] used load cells to
measure seismic earth pressures on a cantilever retaining wall and on a large
concrete-block retaining structure in the field. Although quantifiable results were
inclusive, the qualitative conclusions from these field test studies are:

* Retaining walls supported on rock foundations were determined to be more
vulnerable to seismic damage.

* Retaining wall failures were attributed to the combined inertial effects of the
wall body and increased seismic earth pressure of the backfills behind the
walls.

Chang et al. [10] reported the measured seismic earth pressures on the embedded
walls of the quarter-scale model reactor containment structure during several
moderate earthquakes in Lotung, Taiwan. These measured seismic earth
pressures were similar to or lower than those estimated by the Mononobe-Okabe
method.
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Elgamal et al. [20] at Rensselaer Polytechnic Institute conducted a full scale
vibration test to measure the low amplitude, dynamic characteristics of a
reinforced concrete cantilever wall-backfill system. An eccentric-mass shaker
with a capacity of providing up to 5.0 kips of horizontal shaking force within the
frequency range from 0.5 to 30 Hz was used to vibrate a 140-foot (length) x
14-foot (height) x 16-in. (thickness) concrete retaining wall. It was observed that
the wall and adjacent backfill zone generally moved together in phase. Farther
away from the wall, out-of-phase wall-backfill motions were measured at higher
resonant frequencies. Moreover, the reinforced concrete wall behaved more like a
clamped cantilever plate than a cantilever beam under dynamic loadings.

While several field tests have been performed to evaluate dynamic earth
pressures, results have generally been limited to qualitative observations with
inconclusive results in terms of quantifiable data. A field test on a Reclamation
spillway wall using either Reclamation’s eccentric-mass shaker or the University
of Texas’ eccentric mass shaker would be expected to have similar results.
Specifically, introduction of dynamic loading from the top of a spillway wall does
not represent conditions during an earthquake with the dynamic source imparted
to the base of the wall instead of the top of the wall. Difficulties with proper
instrumentation and data collection due to the limited access to the entire height
of the wall stem are another limitation to this field test approach.

Field Performance

According to Atik and Sitar [7], limited information is available on the field
performance of retaining structures in recent major earthquakes due to the lack of
well documented failures of retaining structures in nonliquefiable backfills. As
discussed in Gazetas et al. [28], the performance of retaining structures and
basement walls during earthquakes greatly depends on the presence of
liquefaction-prone, loose, cohensionless backfills. Case histories from recent
major earthquakes (such as San Fernando in 1971, Loma Prieta in 1989,
Northridge in 1994, Kobe in 1995, Chi-Chi in 1999, Kocaeli in 1999, and Athens
in 1999) show that retaining structures supporting loose, saturated, liquefiable,
cohesionless soils are quite vulnerable to strong seismic shaking. On the other
hand, flexible retaining walls supporting dry cohesionless sands or saturated
clayey soils have performed particularly well during earthquakes. It is important
to note that some of these retaining walls were not designed for seismic loading
and that others were designed for base accelerations not more than 20 percent of
the peak accelerations that they actually experienced during actual earthquakes.
Selected case histories describing the behavior of retaining structures with
nonliquefiable backfills are presented in this section.

Clough and Fragaszy [15] investigated the seismic performance of open channel
floodway structures in the Greater Los Angeles area during the 1971 San
Fernando earthquake. The floodway structures studied consisted of open
U-shaped channels with wall tops set flush to the ground surface as shown in
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figure 5. The backfill soil consisted of dry, medium dense sand with an estimated
friction angle of 35 degrees. No seismic load cases were included in the design.
The cantilever walls were damaged during the earthquake, with the typical mode
of failure as shown in figure 5. From the pseudo-static analyses (i.e., the
Mononobe-Okabe method) and shear-wave propagation field tests, it was
concluded (as shown in figure 6) that . . . conventional factors of safety used in
design of retaining structures for static loadings provide a substantial strength
reserve to resist seismic loadings. The floodways sustained peak accelerations of
up to 0.5g with no damage even though no seismic loads were explicitly
considered in the design.” The relationship between wall damage and ground
acceleration obtained by Clough and Fragaszy [15] is shown in figure 6.

Figure 5.—Section through open channel floodway and typical mode of failure due to
earthquake shaking [15].

Figure 6.—Relationship between channel damage and peak accelerations [15].
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During the 1995 magnitude 7.0 Kobe earthquake in Japan, many types of
retaining structures, mostly located along railway lines, were subjected to strong
ground motions. Gravity-type retaining walls such as masonry, unreinforced
concrete, and leaning types were heavily damaged. On the other hand, reinforced
concrete walls experienced only limited damage.

Koseki et al. [48] presented preliminary evaluations of the internal and external
stability of several damaged retaining walls during the Kobe earthquake. The aim
of their study was to improve the current design procedures that are mostly based
on the M-O theory. Similarly to the suggestion from the dynamic centrifuge tests
of Stadler [85], it was concluded that the horizontal seismic acceleration
coefficients used in the Mononobe-Okabe method could be reduced up to

60 percent of the measured peak horizontal acceleration.

During the 1999 magnitude 7.6 Chi-Chi earthquake in Taiwan, flexible reinforced
concrete walls and reinforced-soil retaining walls performed well. Ling et al. [52]
studied cases of modular-block, geosynthetic-reinforced, soil retaining walls and
reinforced slope failures during the Chi-Chi earthquake. They attributed part of
these failures to the topography and geotechnical conditions in Taiwan, whereby
many walls are located along slopes and mountains, and most walls that
performed poorly were constructed with obvious lack of professional design
oversite.

Fang et al. [25] investigated three gravity retaining walls damaged in the same
Chi-Chi earthquake. The failure modes of the retaining walls included (a) shear
failure of the wall stem base due to the insufficient frictional resistance at the
untreated construction joint between the footing and the wall stem; (b) global
bearing capacity failure of the foundation resulting in excessive settlements and
tilting about the wall toe; and (c) overturning and subsequent global sliding failure
of the wall due to a fault rupture underneath the footing. In all three cases, the
forensic investigations concluded that the wall failures were the result of
fundamentally unsound engineering practices of the designers or lack of quality
control in the field during construction.

Gazetas et al. [28] reported that during the 1999 magnitude 5.9 Athens earthquake
in Greece, several subway stations were under construction. Although the
retaining structure of the Kerameikos Metro Station was not designed for any
seismic loads, it was able to withstand nearly 0.5g of peak ground acceleration
during the earthquake with no visible damage. Maximum wall displacements
were estimated to have been on the order of a few centimeters.

Most recently, observations of the seismic responses of retaining walls during the
Wenchuan earthquake (2008) in China showed excellent performance of all types
of retaining structures [6, 7]. It should be emphasized that these retaining

structures were designed for seismic events much weaker than the magnitude 7.9
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earthquake, but no evidence of significant damage was observed in
postearthquake investigations.

On the contrary, instances have been documented of retaining wall failures during
seismic events. For example, figure 7 shows the failure of a chute wall panel in
the spillway for Shi-Kang Dam during the 1999 magnitude 7.6 Chi-Chi
earthquake in Taiwan. The wall is counterforted, and it appears that the collapse
of the wall resulted from a shear failure in the counterforts. No specific details
are available regarding the failure or regarding the design and quality control
practices used during construction of the wall, but the figure does demonstrate the
potential for failure of spillway walls during large earthquakes.

In summary, postearthquake investigations on the field performances of existing
retaining walls indicate that the retaining walls supporting loose and saturated
liquefiable backfills are quite vulnerable to strong ground motions, but, in general,
flexible retaining walls supporting dry sands or saturated clays have performed
very well during major earthquakes over the past decades, even if these flexible
retaining walls were originally designed for no seismic loads at all.

Figure 7.—Failed spillway wall at Shih-Kang Dam.

Laboratory Facilities

Literature review results suggest that there is a significant knowledge gap in the
understanding of dynamic SSI that could be filled with completion of a full scale
shake table test of a cantilever concrete retaining wall. Recent studies do not
appear to converge on both numerical results and small scale centrifuge tests.
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Specifically, supporting numerical analyses are almost never completed
independent of dynamic small scale centrifuge tests, and conclusions vary
significantly from one study to the next. Field testing has proven inconclusive in
terms of obtaining useful quantifiable results. A full scale shake table test could
help considerably in filling this knowledge gap that has existed for decades. As
such, the second part of these Scoping Phase 1 studies consisted of evaluating
laboratory capabilities at Reclamation and other facilities around the country to
determine the feasibility of performing dynamic tests of a full scale cantilever
concrete retaining wall.

Reclamation Shake Table

In the late 1990s, Reclamation’s Materials Engineering and Research Laboratory
(MERL) designed and constructed a 15-foot by 20-foot shake table for the
primary purpose of performing shake table tests on small scale concrete gravity
and arch dam models. Unfortunately, the shake table was dismantled and the
steel framing sold as surplus in 2005 shortly after completion of the dam model
tests. Additional steel could be purchased and fabricated into a new shake table
test fixture to be used along with the remaining actuators if funds were available
to do so; however, the size of the shake table in the MERL would limit the
practical size of a cantilever retaining wall test section to significantly less than
the 15-foot high wall section being proposed for this research project.
Specifically, the the backfill behind a full scale retaining wall consistent with
Reclamation’s spillway inventory would, at a minimum, need to extend well
beyond the intersection of the anticipated soil failure wedge slip plane and the
ground surface to properly simulate field conditions and limit boundary effects.
In addition to size limitations of the shake table, the MERL is not currently
furnished with data acquisition resources to the extent that would be required for
such a full scale test. Rather, a well organized network of existing facilities
specializing in earthquake engineering and simulation would be better suited for a
full scale retaining wall test.

Network for Earthquake Engineering Simulations

The Network for Earthquake Engineering Simulations (NEES) is a network of

15 experimental facilities created and funded under an all-encompassing
earthquake research project funded by the National Science Foundation (NSF).
The developmental phase of the NEES extended from 2000 to 2004 and consisted
mainly of construction of new earthquake engineering laboratories or the
significant enhancement of existing facilities. In addition, a sophisticated network
of information technology infrastructure was developed to establish data
repositories, to allow for remote operation using telepresence tools, and to
develop simulation software for specific test projects. The NSF provided
approximately $80 million for the development phase of the NEES. Completion
of the development phase in 2004 culminated with formation of the NEES
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Consortium, Inc., as the governing, nonprofit body of the NEES. The mission
statement of the NEES Consortium is simply to improve understanding of
earthquakes and their effects.

The operational phase of the NEES is ongoing and consists mainly of
collaboratory research projects in addition to upgrading and maintenance of
equipment sites for execution of laboratory tests. The NSF funds NEES research
projects through a competitive process of peer-reviewed research proposals. The
operational phase of the NEES started in 2005 and is fully funded through the
year 2014. The NSF budgets approximately $30 million a year for the NEES,
including $20 million for additional equipment, construction, and upgrades plus
$10 million for research projects. One hundred thirty research projects are in
progress at NEES facilities. An estimated one quarter of these research projects
are SSI related; however, none of them are specific to cantilever concrete
retaining walls of the size and type of Reclamation’s spillway inventory.
Organizations sponsoring NEES research projects include CalTran, the
Pennsylvania Department of Transportation, and the U.S. Geological Survey.
After the current operational phase expires in 2014, NEES expects additional
funding for continued sponsorship of earthquake engineering research projects,
but probably with a reduced network of facilities.

Accepted NEES proposals include funding through the NSF for the use of most
services and equipment that accompany the identified facility to be used for the
proposed research project with a few exceptions. Specifically, any required
modifications to existing facilities or equipment to meet specific project needs
would require separate funding by the sponsoring organization or principal
investigator. Construction of test specimens or experiment-specific fixtures
would also require separate funding sources from the sponsoring organization.
The only other requirement for receiving NSF funding for use of the identified
NEES facility is that the data and results of any NEES research project must be
shared with the technical community via the NEES data repository.

A list of the 15 NEES facilities is shown in table 2.
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Table 2.—The 15 NEES facilities

Location

Description

Brigham Young University

Cornell University

Lehigh University

Oregon State University

Rensselaer Polytechnic
Institute

University at Buffalo,
State University of New
York

University of California,
Berkeley

University of California,
Davis

University of California,
Los Angeles

University of California,
San Diego

University of Colorado at
Boulder

University of lllinois at
Urbana-Champaign

University of Minnesota

University of Nevada,
Reno

The University of Texas at
Austin

Permanently instrumented field sites for study of soil-foundation-
structure interaction

Large displacement soil-structure interaction facility for lifeline
systems

Real time multi-directional testing facility for seismic performance
simulation of large scale structural systems

Oregon State multi-directional wave basin for remote tsunami
research

Upgrading, development, and integration of next generation
earthquake engineering experimental capability at Rensselaer's
100-g-ton geotechnical centrifuge

Large scale, high performance testing facility and versatile high
performance shake table facility toward real time hybrid seismic
testing

Reconfigurable reaction wall-based earthquake simulation facility
NEES geotechnical centrifuge facility

Field testing and monitoring of structural performance

Large, high performance outdoor shake table (LHPOST)

Fast hybrid test platform for the seismic performance evaluation of
structural systems

Multi-axial, full-scale substructuring testing and simulation facility

A system for multi-axial subassemblage testing (MAST)

Biaxial multiple shake table research facility

Large scale mobile shakers and associated instrumentation for
dynamic field studies of geotechnical and structural systems

University of California, San Diego—Camp Elliott

Facilities

Of the 15 facilities under the NEES umbrella, the Camp Elliott facility, operated
by the University of California, San Diego (UCSD), offers a unique capability for
the purpose of completing dynamic testing of a full scale spillway retaining wall
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for Reclamation. Specifically, the Camp Elliott facility, located 9 miles east of
the main UCSD campus as shown on figure 8, is home to the largest shake table
in the United States. Figure 9 shows the project layout of the Camp Elliott
facilities.

The LHPOST enables large, full scale testing of structures and soil-foundation-
structure interacting systems using simulated near source ground motions. The
LHPOST steel platen table design consists of a three-piece assembly with each
assembly piece having plan dimensions of 13.3 feet by 25 feet giving a total shake
table area of 40 feet by 25 feet. The vertical payload capacity of the shake table is
4.5 million pounds, and the frequency bandwidth capability is 0 to 20 Hz. A
larger shake table measuring 50-feet by 50-feet in plan is operational at the
National Research Institute for Earth Science and Disaster Prevention in Japan;
however, logistics and additional expenses of performing a full scale retaining
wall test in Japan would be problematic given that the LHPOST would meet the
requirements for a full scale test of a Reclamation spillway wall.

UCSD Large High Performance Outdoor Shake Table (LHPOST)

BURAIN ST (IS

| UCSD Main C =

e

Figure 8.—Location map of Camp Elliott, the home of LHPOST.
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UCSD Large High Performance Outdoor Shake Table (LHPOST)
Camp Elliott Development Project

ww |  Soil Pits
i unded by Caltrans .-'___,.“%

Blast Test Facility
Funded by Other Sources

E 1

LHPOST

-1 Funded by NEES (NSF) §
e —— — g
ELLIOT FIELD STATION o
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Figure 9.—Project layout of Camp Elliott, the home of LHPOST.

The LHPOST is a uniaxial (horizontal-X) system; however, the shake table is
scheduled to be upgraded to a triaxial system by December 2009. Table 3
indicates the expected performance characteristics of the LHPOST after the 2009
scheduled upgrades. Figure 10 shows a cut-away rendering of the LHPOST. The
steel platen design of the shake table surface is shown on figure 11.

Table 3.—LHPOST shake table performance characteristics

Direction Acceleration Peak velocity, ft/s  Displacement, ft

Horizontal-X +3.0g 5.0 2.46
Horizontal-Y +1.5¢9 2.95 1.23
Vertical +1.0g 1.64 0.49

Another important feature of the LHPOST is the shake table controller/hydraulic
system that has the ability to simulate an entire suite of ordinary historical ground
motions, such as those generated by the Northridge, Loma Prieta, and Landers
earthquakes, scaled or modified for site-specific conditions. This is an important
capability in regards to simulations of highly variable ground motions for
Reclamation spillways located in characteristically different seismic areas across
the western United States with variable foundation conditions.

Finally, the LHPOST features a local area network (LAN) that is a sophisticated
network of hydraulic controllers, data acquisition systems, and video systems that
can be used free of charge to researchers under funding by the NSF. This is
another important capability for full scale testing of a Reclamation spillway wall
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NEES Large High Performance (LHP)
Outdoor Shake Table

Figure 10.—Cut-away rendering of LHPOST.

UCSD Large High Performance Outdoor Shake Table (LHPOST)

Platen Design & Analysis

3 Piece Assembly

Vertical tie-downs,
2 ft on center

Horizontal Actuator

Attachment Yaw-Restraint Bearing Attachment

= Approx. Weight = 150 tons

Figure 11.—LHPOST steel platen configuration.
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due to the amount of instrumentation that will be required to accurately capture
the dynamic soil pressure on the face of the wall along with the structural
response of the wall itself. Significant amounts of data will need to be collected
and postprocessed for various soil types, phreatic surface levels, and loading
conditions that will be evaluated as part of the proposed testing scenarios
discussed below. A configuration diagram of the LHPOST LAN is shown on
figure 12.

Reclamation has conducted favorable consultations with UCSD regarding the
possibility of completing a full scale retaining wall test with the LHPOST. UCSD
has provided valuable insight and recommendations to the proposed model
configuration presented below.

UCSD Large High Performance Outdoor Shake Table (LHPOST)

LHPOST LAN Configuration Diagram
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Figure 12.—LHPOST LAN controller and data acquisition diagram.

Proposed Physical Testing Model

Model Configuration

The proposed full scale model configuration is presented in figures 13 and 14.
The plan view of figure 13 shows the 40-foot by 25-foot layout of the LHPOST
steel platen table with superimposed test configuration. The table shake direction
is parallel to the 40-foot dimension. A cantilever concrete retaining wall will be
constructed at one end of the shake table to serve as the test subject, and a gravity
retaining wall of considerably greater stiffness will be constructed at the other end
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Figure 13.—Plan view of proposed full scale model configuration.

of the shake table intended only to provide a stiff boundary element for the test.
Backfill will be placed in 1-foot lifts between the two retaining walls using small
roller compactors. Special compaction using hand tampers will be required
within 7 feet of the wall sections similar to typical specification requirements for
construction of Reclamation spillway walls.

A removable system of precast concrete panels approximately 10 feet wide by
15 feet tall will retain the backfill in the nonshaking direction. W16x40 steel
columns rigidly connected to the top of the shake table via the interface plate
discussed below will support the precast concrete panels. The W16x40 column
supports will allow for removal of individual precast panels for construction
access and subsequent removal and replacement of different backfill material
types for various test scenarios. A neoprene sheet will be installed between the
backfill and the precast panels in an attempt to limit friction between the two
features in the nonshaking direction.
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Figure 14.—Typical sections of proposed full scale model configuration.

The proposed cantilever concrete retaining wall is shown in Section A-A on
figure 14. The wall will extend 15 feet from the table interface at the base of the
footing to the top of the wall stem. A total footing width of 13.5 feet is
anticipated with a thickness of 2.75 feet. The wall stem will include a batter on
the backfill face of the wall with a stem thickness of 1.25 feet at the top of the
wall and a thickness of 2.75 feet at the base of the stem. A polyvinyl chloride
(PVC) waterstopped construction joint will be included at the wall stem-footing
interface to simplify construction and limit seepage through the base of the wall
during test runs with saturated backfill conditions. Primary (vertical and
transverse) reinforcement has been included based on traditional retaining wall
structural analyses (appendix B), and temperature and shrinkage reinforcement
has been included in the longitudinal direction (into and out of the page).

The proposed gravity wall is shown in Sections B-B and C-C on figure 14 and
will also be 15 feet high with a 3-foot thick width at the top of the wall and a
10-foot thick width at the base of the wall. Primary (vertical and transverse)
reinforcement has been included based on traditional gravity wall structural
analyses (appendix B), and temperature and shrinkage reinforcement has been
included in the longitudinal direction (into and out of the page).
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The proposed connection details between the retaining walls and the LHPOST
steel platen table (see appendix B) are based on the recommendations from
UCSD. Special considerations will need to be given to this detail as (a) the
retaining walls must be restrained from sliding off the shake table during the
testing, (b) the connections must be as rigid as possible to minimize shake table
boundary effects, and (c) the retaining walls must be removed from the shake
table without damaging the LHPOST steel platen table after completion of the
testing. As a result, a %-inch thick steel interface plate will be provided. The
steel interface plate will be anchored to the LHPOST table using threaded anchor
rods in a 2-foot by 2-foot grid configuration. The cantilever wall footing and the
base of the gravity wall will then be anchored to the interface plate using Nelson-
type welded studs. The studs will be welded to the interface plate and embedded
in the concrete of the retaining walls to provide the shear resistance necessary to
eliminate sliding of the walls.

Testing Scenarios

The proposed testing scenarios will consist of variations in backfill material types,
phreatic surface levels, and loading conditions. A matrix of proposed test
scenarios is presented in figure 15.

Many practicing engineers and researchers in the field of SSI regard cohesion as a
significant parameter in variability of seismic lateral earth pressures. As stated
earlier, cohesion is generally considered an unscalable material parameter in
terms of similitude for small scale models and, as a result, dynamic small scale
centrifuge tests have historically been completed using cohesionless Nevada sand
material. However, most backfill material used for Reclamation retaining
structures has at least some cohesion and, for cases of spillway crest structure
walls backfilled with zone 1 material, could have a significant amount of
cohesion. As a result, three alternative backfill types are proposed for this initial
(appraisal-level) development of the testing procedure:

* Material Type [-—Nevada sand to compare with previous centrifuge model
test results

* Material Type II—Local silty sand (SM) with low to moderate cohesion
representative of embankment shell material backfilled against Reclamation
spillway chute and approach channel walls

* Material Type lII—Imported clay (CL) with high cohesion representative of
embankment core material backfilled against Reclamation spillway control
structure walls

Another key parameter to be considered for Reclamation hydraulic retaining

structures is the phreatic surface level or saturated pore pressure within the
backfill material. Specifically, phreatic surface levels can vary substantially along
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Shake Level %qg

Phreatic Level A, B, C

Material Type I, II, llI

Figure 15.—Shake table test scenarios matrix.

the profile of a spillway wall from completely saturated upstream of the control
crest structure to little or no saturation downstream of the crest structure. The
influence of phreatic surface levels within backfill material on seismic lateral
earth pressures has been overlooked in SSI research. As a result, three alternative
phreatic surface levels are proposed for this initial (appraisal-level) development
of the testing scenarios:

* Phreatic Level A—0-foot phreatic surface height
* Phreatic Level B—7-foot phreatic surface height
* Phreatic Level C—14-foot phreatic surface height

The final key parameter considered for test scenarios is the level of seismic
loading. Numerous shaking levels would be tested along with test runs using
various time histories. This would be the easiest of the three key parameters to
vary as part of the suite of test scenarios to be executed. Specifically, the
LHPOST hydraulic controllers and data acquisition systems are able to execute
test runs with various shake inputs and collect test data for each run very quickly.
As a result, an incremental seismic loading level up to 1.5g with a frequency
range from 1 to 10 Hz was assumed for this level of study. This means that
incremental shaking tests would be performed at 0.1g, 0.25g, 0.35¢g, 0.50g, 0.75g,
1.0g, 1.15g, 1.25g, and 1.50g. Sinusoidal shaking inputs are typically used for
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baseline analyses, but various time history shaking inputs that are scaled and
modified from real earthquake records, such as the Loma Prieta (1989),
Northridge (1994), and Landers (1992) earthquakes, will play an important role in
this research project. The proposed test run plans for seismic loading levels and
shaking inputs will be developed as part of subsequent phases of this research
project.

These three key parameters provide a method for establishing a designation for
each specific test run. For example, a test run utilizing local SM backfill material
(i.e., Material Type II) with a phreatic surface height of 7 feet (i.e., Phreatic
Level B) and a maximum shaking level of 1.25g would be designated

Test [IB125.

Instrumentation Requirements

Instrumentation requirements are assumed to be significant, as it would make no
sense to shortcut data collection in an attempt to save money on a test program as
thorough and expensive as the one proposed. Traditional instruments such as
strain gauges, displacement transducers, and accelerometers would be utilized
along with new, state-of-the-art instruments. Two such instruments considered
for the purposes of this study are shape tape and tactile pressure sensors. Shape
tape is a self-contained, fiber-optic-based, three-dimensional, bend and twist
sensor system, as shown in figure 16, that consists of strip sensor tape that would
be attached to each retaining wall to obtain real time deflections of the wall during
shaking. Another state-of-the-art system is the tactile pressure sensor that consists
of a self-contained pad that encloses a 4-foot by 4-foot grid of independent
pressure sensors as shown on figure 17.

To obtain the desired earth pressure distributions in each direction along the face
of the wall, six instrumentation lines at 3-foot spacing along the length of the
retaining walls were assumed as shown on Section B-B of figure 14. Strain
gauges, accelerometers, and tactile pressure sensors will be installed at 2-foot
spacing along the height of the retaining walls at each of the six instrumentation
line locations. The cantilever wall will include displacement transducers installed
at the top and bottom of the wall stem and at the base of the footing as shown in
Section A-A of figure 14. The gravity wall will also include displacement
transducers at the top, mid-height, and bottom of the section. In addition,
instrumentation will be required to monitor the behavior of the backfill during
shake testing. As a result, a 6-foot by 5-foot grid of displacement transducers will
be secured to the top surface of the backfill between the two walls, and a series of
accelerometers will be placed within the backfill at three elevations and along
three line locations in the direction of shaking.

Since the proposed test scenarios consist of three cycles of backfill placement and

removal, a replacement instrument rate of 50 percent was assumed for all strain
gauges and accelerometers, based on MERL experience with such instruments.
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Figure 16.—Typical shape tape instrumentation for measuring real time deflections.
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This rate is consistent with a reasonable backfill excavation and placement rate
assuming the contractor will require some care in his earthfill work.

Finally, light steel frames spanning the 25-foot shake table direction will be
required to serve as fixtures for mounting the displacement transducers to the top
surface of the backfill for monitoring backfill movements as well as movements
along the top of each retaining wall.

Special Considerations for Full Scale Testing

A full scale retaining wall test of the sophistication and complexity proposed
would require a tremendous amount of careful evaluation and detailing beyond
the scope of these Scoping Phase 1 studies. Part of the Planning Phase 2 work for
this research project will consist of identification and procurement of a PhD
researcher currently practicing in the field of SSI. The risk of missing key
parameters cannot be overstated in the design of test model configuration,
development of the test procedure, and determination of instrumentation
requirements, along with the experience that may be required to interpret full
scale testing results. Some of the special considerations identified in this Scoping
Phase 1 work are discussed below.

Boundary conditions are always a concern with any physical model study;
however, the potential impacts of not properly addressing boundary effects could
be catastrophic for this particular type of full scale testing. Specifically, the
proposed 15-foot height of the retaining walls is estimated to provide sufficient
soil depth beyond the intersection of the soil wedge failure surface and the top of
the backfill given the physical size limitations of the LHPOST shake table.

End conditions in the direction of shaking are additional boundary conditions
requiring significant evaluation. A gravity retaining wall was selected to stiffly
oppose the cantilever retaining wall. Specifically, to simulate the stiffness of
backfill conditions in the field, an infinitely stiff wall at the opposite end of the
shake table backfill would be ideal to model the limit of elastic/plastic
compression of the backfill and to prevent immediate resonant type deflection of
dynamic energy back toward the cantilever retaining wall.

Another key consideration is three-dimensional effects due to the physical size
limitation of the LHPOST steel platen table in the nonshaking direction. The
effects of the precast panels retaining the backfill perpendicular to the shaking
direction need special consideration to limit friction between the soil and the
precast panels. To this end, a neoprene sheet will be provided at the interface
between the backfill and the precast panels to minimize sliding friction as shown
in Section B-B of figure 14.
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Cost Estimate

Reclamation’s construction and cost estimating group developed an appraisal-
level cost estimate for all civil components of the proposed test model
configuration. Reclamation’s MERL developed an appraisal-level cost estimate
for all instrumentation requirements.

The cost estimate prepared and provided here is intended to be used as a tool that
serves as a foundation in realizing management objectives, budgetary
requirements, and economic analysis. The costs provided in the estimate are
intended to be for appraisal-level costs and strictly for use in evaluating the
feasibility of undertaking the full scale test project being proposed.

Generally accepted industry criteria and engineering judgment were used to
develop the cost estimates. Costs from similar type construction, when
applicable, and some preliminary contacts with material suppliers and contractors
were also used to develop the estimate.

The estimated construction costs are in 2009 dollars and are based on the
assumption that the work would conservatively be contracted using a request-for-
proposal (RFP), negotiated contract with a qualified 8a contractor. A more
competitive procurement process could result in potential cost savings for the
project. Estimated construction costs would need to be adjusted accordingly if
construction were performed after 2009 or if another type of construction contract
were used.

The estimated cost reflects a professional opinion of the likely costs to construct
the project, subject to the limitations discussed herein. A number of factors affect
actual contractor costs such as the project location; the supply and demand in the
business area for this type of construction at the actual time bids are due or prices
are negotiated; changes in material and equipment costs; and changes in labor
rates. Therefore, conditions and factors at the time of procurement may result in
bids that are significantly different than the estimate presented here. The cost
estimate provided in this report is for project feasibility and financial planning
purposes only and should not be used in bidding or contracting.

The quantities and cost estimate are based on the appraisal-level design layout
shown in figures 13 and 14 and included in appendix B.

Construction pricing for project features is based on the quantity estimates for
each item identified on the estimate worksheet of appendix C. Pricing was
accomplished with unit pricing from both published and internal Reclamation
historical databases, factored for project location and other project-specific
criteria. Material pricing, where necessary, was obtained from vendor verbal
quotation, current cost estimates, owner-provided information, and cost estimator
experience. The logic, methods, and procedures for developing cost estimates are
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typical for the construction industry. An experienced construction cost estimator
with construction and hard-dollar contract bid experience prepared this cost
estimate.

Costs for the following items were not included in the cost estimate:

* Engineering costs for completion of Planning Phase 2, Feasibility Phase 3

and Final Design Phase 4 of the project
Environmental studies and permitting
Construction management
Construction oversight

Operation and maintenance

Escalation to FY2013 dollars when Laboratory Testing Phase 5 is scheduled
for completion

Costs for a full time Reclamation engineer to monitor and coordinate
instrumentation and data acquisition activities during actual performance of the
full scale testing have been included in the cost estimate.

Detailed assumptions used in development of the cost estimate include:

40

f'.=4,000 Ib/in? at 28 days for all structural concrete
Grade 60 reinforcement for structural concrete
F, = 50 ksi for structural steel members

Fillet weld all around the perimeter of W16x40 steel columns at their
connections to the steel shake table interface plate

Individual test run cycles (scenarios) will include placement of backfill in
1.0-foot lifts with roller compaction using small rollers except in areas
adjacent to the retaining walls.

Special compaction using hand plate tampers will be required within 7 feet
of the retaining walls.

Following completion of the shake table test for each material type, backfill
will be partially removed to allow for removal of precast panels followed by
removal of the remainder of backfill.



Summary of Scoping Phase | Findings

* Concrete demolition, removal, and disposal of the retaining walls will be
required following completion of all test scenarios.

* The general contractor or a subcontractor will install all instrumentation;
however; Camp Elliott personnel will establish data acquisition connections.

* NSF funding will be obtained for the use of the LHPOST at Camp Elliott
through the NEES proposal process discussed previously. NSF funding
covers the shake table, general facilities, data collection equipment, and
utilization of data acquisition personnel

A construction contingency of 15 percent is included for this research project in
case unanticipated issues or items arise such as change orders or variations in bid
quantities resulting from changed or unexpected field conditions.

A total estimated field cost in 2009 dollars of $2.8 million is estimated for
completion of the full scale, retaining wall, shake table test project as presented
here. A detailed cost estimate worksheet and quantity breakdown is included in
appendix C.

Summary of Scoping Phase | Findings

The findings of this Scoping Phase 1 study can be summarized as follows:

* Due to increased seismic hazards in high seismic areas, Reclamation
spillway walls will continue to be a source of high risk and potentially costly
mitigation efforts without addressing the considerable knowledge gap on
quantification of seismic lateral earth pressures.

* Both established analytical methods and recent physical test model studies
completed in conjunction with numerical analyses fail to independently and
adequately validate research results in the field of SSI. Research results and
conclusions have been inconsistent as shown in table 4. This is the primary
reason why no industry-accepted and consistent guidelines have been
established to either disprove or supplant the Mononobe-Okabe or Wood
methods in the field of dynamic SSI.

* The LHPOST shake table at the NEES Camp Elliot facility, operated by
UCSD and under funding by NEES via NSF, has the exclusive capabilities in
the United States to perform a full scale dynamic test of a cantilever concrete
retaining wall to develop a standardized method of determining seismic
lateral earth pressures for design and evaluation of earth-retaining structures.
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* A conceptual design configuration consisting of opposing cantilever and
gravity retaining walls is proposed for physical testing as shown on the
figures presented in appendix B. Each retaining wall is 15 feet tall and
bounded in the nonshaking direction by removable, precast concrete panels
that provide easy access for placement and removal of backfill materials.

* Proposed testing procedures would be extensive to include key parameters
associated with Reclamation spillway wall field conditions, including:

o Various backfill material types with varying degrees of cohesion

o Various phreatic surface levels within the backfill



Planning Phase 2 Recommendations

o Various magnitudes and frequencies of the shaking inputs including
time history runs

* Special considerations to be further evaluated for subsequent phases of this
research project include:

o Detailed numerical analyses and engineering evaluations of boundary
conditions and boundary effects associated with the proposed test model

configuration

o Sensitivity studies on all instruments, including various sensors and data
acquisition

o Interface connection design details between the walls and the shake
table steel platens

* The estimated cost in the 2009 dollars to construct and execute the proposed
full scale test program is $2.8 million, which includes the costs of:

o Construction
° Instrumentation procurement and installation

o Observation and oversight of instrumentation and data acquisition by a
full time Reclamation engineer

o Implementation including data collection

o Removal and replacement of backfill for three cycles of material type
testing

o Demolition and removal on constructed test features

Planning Phase 2 Recommendations

Should, after careful consideration of the proposed test configuration presented
herein, the dam safety research team members feel this test project be continued,
the following tasks are proposed for the Planning Phase 2 to be completed in
FY2010:

* Procurement of a practicing PhD research consultant

* Cost-benefit analysis
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* Identification of funding sources for final design engineering

* Identification of funding sources for construction

* Documentation of recent Reclamation SSI finite element study results
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By: Steve Dominic SSI Research Project Sheet 1 of 36

Checked by: David Gold Full-Scale Retaining Wall 7/6/2009
Feature: Cantilever Wall Appraisal Level Design
References:
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USACOE, EM 1110-2-2502 - Retaining and Flood Walls, September 29, 1989

Kramer, Geotechnical Earthquake Engineering, Chapter 11 - Seismic Design of Retaining Walls
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USBR, Design Criteria for Concrete Retaining Walls, August 1971

NRCS, TR-67 - Reinforced Concrete Strength Design, August 1980

USGS, Probabilistic Hazard Program, Version 3.10

Wall Dimensions

Wall height H= 12.5ft - Surcharge xS
Soil height (heel)  H_ = 12.5ft \/ A \V4
Soil height (toe) Hg := 0.0ft

Water height (heel)  H,, := 5.0ft H H,
Water height (toe)  H,, := 0.0ft L

Surcharge (construction) S := oft . l : Y
Wall thickness t:= 2.75ft k,,H ‘ L

Footing thickness d = 2.75ft

Key thickness k:= 0.0ft

Heel length Ly = 7.75ft

Toe length L, = 3.0t

Key length Ly = 0.0ft

Footing Base Length Ly=L+t+1L L,=13.51t

Sheet Purpose:

The purpose of this calculation sheet is to complete an appraisel-level design for a full-scale
cantilever retaining wall system for the purpose of potentially completing a dynamic shake table
test on the LHPOST shake table located in San Diego, CA at the NEES Camp Elliott Facilities.

RetainingWall_SSINTResearch_Usual_Extreme. xmcd
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Feature: Cantilever Wall Appraisal Level Design

Assumptions:

These calculation were developed under the following assumptions based on an appraisel-level
design effort:

1.

2

10.

The proposed configuration based on the dimensions of the shake table is shown on Figures
1 and 2 - Attachment 1

The retaining wall and gravity boundary wall will be design using a worst case passive
resistance earth pressure load. While this is a conservative approach, it is reasonable
assumption for this appraisel level of development and allows for flexibility in terms of
selecting earthquake magnitudes and corresponding time histories to be determined during
later phases of the project.

The wall will be conservatively designed to structurally perform in the elastic range under the
passive earth pressure conditions (see Assumption 2 above). When designing for passive
earth pressure conditions, no load factors will be used as this is considered a limit state
condition.

Several different soil types will be considered for conceptual-level and final design; however,
for this level of study a internal friction angle of 30 degrees will be assumed with no cohesion
will be assumed.

Wall friction will conservatively be neglected for this level of design.

A phreatic water surface five feet above the top of the footing will be assumed to address the
possibility of performing a saturated backfill scenario.

The moist unit weight of the backfill will be 120 pcf and the saturated unit weight will be 130
pcf.

Incorporate precast panels lined with neoprene sheets to limit side friction in the non-shaking
direction. The precast panels will allow for easier access to the backfill for removal and
replacement to accomodate the potential for several test runs using different backfill
configurations.

In the shaking direction, design one side as a flexible cantilever retaining wall and the other
side as a stiffer gravity wall section for the purpose of limiting, to the extent possible,
boundary effects. Target a relative natural period difference of an order of magnitude. The
gravity wall could be replaced with a stiffer steel frame system during later design phases.
Anchor the concrete sections fo the shake table using Nelson studs to simulate retaining
systems founded on rock and to eliminate instability issues associated with sliding at the
concrete steel table interface.

RetainingWall_SSINTResearch_Usual_Extreme.xmcd
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By: Steve Dominic SSI Research Project Sheet 3 of 36
Checked by: David Gold Full-Scale Retaining Wall 7/6/2009
Feature: Cantilever Wall Appraisal Level Design

Cantilever Retaining Wall Design:

Natural Period of Cantilever Wall

Use an allowable rational method in accordance with the requirements of ASCE 7, Section
9.14.5.4 to estimate period of walls. Based on USBR Criteria for Concrete Retaining Walls.

H 1

T, = 0.000643-(TJ~E T,y = 0.03653

Compare with Eq. 9.5.5.3.2-1, ACSCE
7 1
Ci:=002 x:=075 h,:= H-E h, =125

Te = Cehy, Te =0.13

Teane = min(Tg;, Tep)  Tegn = 0.0365 sec

Uplift
Uplift at heel Up = if(Hyp > 0, Hyp + d,0) Uy =7.75ft
Uplift at toe Up= if(Hy > 0,Hy + d,0) U =0ft

RetainingWali_SSINTResearch_Usual_Extreme.xmcd
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S8I Research Project
Checked by: David Gold

Sheet 4 of 36
Full-Scale Retaining Wall

7/6/2009

Feature: Cantilever Wall

Appraisal Level Design

Properties and Coefficients

Soil moist unit weight N = 120—lll
2
ft
. I b
Soil saturated unit weight s = 130 —
ft2
I 1b
Concrete unit weight Yo = 150 —
2
ft
I b
Water unit weight Yy = 62.4—
ft2
Slope of Backfill B := Odeg
Shear strength parameter ® = 30.0deg

Frictional resistance

A(}A;z 24.2-deg Sliding resistance - friction resistance - see Attachment 2

. Ib
Cohesion = 0—
A g
cos(9)”
Active pressure coefficient K, = °
(Coulomb) - 2 K, =033
L, [$n@sin(e — )
cos(B)
At-rest coefficient K, := 1 —sin(¢) K,=0.5
cos()’
Passive pressure coefficient K, = K, -3
2 =
(Coulomb) L sin(®)-sin( + B)
cos(B)

_— . Assume the maximum k, value for M-O design (requires
Sel;m‘.c eta rth pressure ky = 0.576 seismic intertia angle be less than or equal to phi angle)
coefiicien for load comparison to passive pressure design
Seismic Inertia Angle 4 := atan(ky) P = 29.94-deg

e Ly
Angle of sliding failure

plane

0= “[ (

Allowable Bearing Pressure:

b
Qallowable = 14400 —'2'

n

b
Qatlowable = 2073600.—2

ft

Lt+t+Lh)

} 0 =0-deg

b
QallowableEQ = Qallowable = 2073600-—

ft2

RetainingWail_SSINTResearch_Usual_Extreme xmcd
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Feature: Cantilever Wall Appraisal Level Design
Wall Forces
Wall section
t H
W, = —y-H-t Xy = Ly + — yw=d+ —
2 2
W, =-5156.251b Xy = 438 1t Vo =9 ft
Heel section t
Ly +— d
t t Y= T
Wy= | L+ —|d Xy = + L +— 2
2 2
W, = —3764.063 b Xp, = 8.94 ft yp = 1.381t
Toe section t
L+ —
W, = -L+i-d X¢ 1= y—E
t= el Lt 5 t - ) t )
W, =-1804.6881b x, = 2.19ft v = 1381t
Key section
W Lok k i
= oL Xy = — =—
k e bk k ) Yk 2
Wk = 0 Xk = 0 yk = 0

Soil Static Forces (Coulomb Theory)

Vertical Forces

= . . —Y . — . Lh
Ws =Y Hwh Lh + = (Hs Hwh) Lh Xg 1= Lt +t4+ _2_
W, =-1201251b x, = 9.63 ft
Wyt = Vw L Hy Ly
Ywt = _2— Ywt = L5ft
Wit =0
Surcharge Load for Construction Load Case
Ly
Wssur = =v(8)-Ly, XSUR = L+ t + 5

Wesur =0 XssUR = 9.63 ft

RetainingWali_SSiNTResearch_Usual_Extreme.xmcd
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Feature: Cantilever Wall Appraisal Level Design

Horizontal Driving Forces - At-Rest Pressure

2

1 1
Ppio = if[(Hwh) > O,E-KO-'Y-(HS — Hyn) ", = Koy (H, + d)2:| Ppio = 1687.51b

2
H, - d
if|:Hwh> 0,Hyp +d + (i, 3HW“),(HS3+ )}

YDlo = Yp1o = 10.25ft
Pryg = if{ Hun > 0,Koy-(Hy — Hyp)-(Hyn + d), 0] Ppyo = 3487.51b
Hwh +d
YD2o = if Hwh> 0,—2‘,0 yD20=3.88ft
. 1 2
Py, := if{ Hp, > 0,-2—-K0-(~{S = Vo) (Hyn + d)°,0 P,, = 1015.06 Ib
Hwh +d
Vso == iff Hyp > 0,———— 0 Vso = 2.58 ft
, 1 2 '
Py, = if] (Hyp > O),—z-qw-(Hwh +d)7,0 P, = 1873.951b
Hwh +d
Ywo = if| Hyp > 0, ,0 Ywo = 2.58 ft
Psyro = Koy 'S'(Hs + d) Psyro =0
Hy+d
YSURo =~ Ysuro = 7.63 ft

Horizontal Resisting Forces - At-Rest Pressure

-1 -1
Py = if[Hwt > 0,7 Ko (s~ ) (L + d + Hst)z,(—z—)-KOm{-(Lk +d+ Hst)zjl Pypo = —226.871b

Paa= if(Hye > 0,Pg,0,0) Py = 01b
. 1
Yspo = 1f|:Hwt > 0,(Lk +d+ Hst)--g,O:| Yspo = O ft
. -1 2
Pypo = if| Hy > 0,7-'yw-(Hwt +d+L)%0 Pypo=01b

Hy+d+ Ly
__’0

Yupo = if(Hwt >0, Ywpo = 0 ft

RetainingWall_SSINTResearch_Usual_Extreme.xmcd
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Checked by: David Gold FuII-chIe Retaining Wall 7/6/2009
Feature: Cantilever Wall Appraisal Level Design

Horizontal Driving Forces - Active Pressure

Ppyg = if[(Hwh) > 0,%-Ka-'y-(Hs - Hwh)z,%-Kaq-(Hs + d)2:| Ppy, = 11251

-H d
VDl = if[Hwh >0,H,y,+d + (H, — By , (8, + )]

=10.25f
3 3 ¥YDla
Pp, = i Hyp > 0, Kyy-(Hy = Hyp)-(Hyp + d),0] Py, = 232510
H,, +d
YD2a = if Hwh>0,—2_',0 yD2a=3.88ft
1
P, = if[Hwh > 0,—2-~Ka-('ys — Yy ) (Ho + d)z,O} P,, = 676.71b
Hwh +d
Ve i= if Hup> 0,———.0 Yoo = 2.58 ft
1
P, = if|:(Hwh > o),zqw-(Hwh + d)2,0:| P,, = 1873.951b
Hwh +d
Vg = if| Hyp > 0, o Ywa = 2.58 ft
PsURa = Ka"Y'S'(Hs + d) construction surcharge Psyra =0
Hy+d
YsuRa =~ YSURa = 7.63 ft

Horizontal Resisting Forces - Passive Pressure

-1 -1
P, = if[HWt > o,?-Kp-(qs o)Ly + d + Hst)z,(?j-Kp-H{-(Lk +d+ Hst)zil P, =-1361251b

Pooi= if(Hy > 0,Pg,,0) P, =01Ib
. -
YSp = 1f{l{wt > Os(Lk +d+ HSt); ’0} ySp =0ft
. -1 2
PWp = lf[Hwt >0 ,7-’YW-(HW1 +d+ Lk) ,Oji Pwp =01Ib
Hy+d+L, \
Yop 1= if(Hwt >0 _XV‘_T__ ,0) Yup = O ft

RetainingWali_SSiNTResearch_Usual_Extreme xmcd
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Feature: Cantilever Wall Appraisal Level Design
Earthquake Forces (Mononobe-Okabe Method)
K is the active pressure coefficient for earthquake loading
cos(o ~ )’
Kap = > Kpg = 1.27
cos()-cos(P)| 1 + sin(¢)-sin(¢ — B ~ )
cos()-cos(B)
Kpe is the passive pressure coefficient for earthquake loading
2
_— cos(d — 1)
PE - : : 2 KPE =14
cos(t)-cosy | 1 - [ SISV sin(® — B )
cos({)-cos(B)
Total Horizontal Driving Seismic Forces - Active Pressure
(USACOE, EM 1110-2-2502, PAGE 3-64)
. 1 21 2
Ppyag = if| Hyp, > O,E-KAE-'\{-(HS — Hyn) ,E-KAEA{-(HS + d) Ppiag = 42851b
Ppoa = if[ Hyp > 0, Kapy-(Hy — Hyp)-(Hyp + d),0] Ppoak = 88561b
. 1 2
Pap = if{ Hyp > 0,—2--KAE~(~{S — Vo) -(Hyn + d)°,0 Poap = 25771b

Dynamic Component of Driving Seismic Forces - Active Pressure  (Kramer, Chapter 11)

APag; = (Ppiag = Poia) + (Ppoar — Po) AP A = 9690.69 1b

2:(H; + d)
YAE1 = _—3‘— yagr = 10.171t
APaps = Popp — Py, AP g, = 1900.79 1b
2-{H h+ d
Yag2 = if[HWh>07_(WT'—)aO:| yAE2=517ft

RetainingWall_SSINTResearch_Usual_Extreme.xmcd
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Checked by: David Gold Full-Scale Retaining Wall 7/6/2009
Feature: Cantilever Wall Appraisal Level Design

Total Horizontal Seismic Resistng Forces - Passive Pressure (USACOE, EM 1110-2-2502,
PAGE 3-64)

- -1
Py = if[Hwt > 0,—21—-KPE-('YS ~ o) (L + d + Hst)2,7-1<;PE-~{-(Hst + d)ﬂ P = —634.611b

Pep= if(Hy > 0,Pgp,0) Pp=01b

Lk+d+H
»

Ysp = if(Hst >0, ysp =0ft

Dynamic Component of Resisting Seismic Forces - Passive Pressure
(Kramer, Chapter 11)

APPE = PSP - Psp APPE = 0 lb

(L +d
2(lrd+ By +HS‘),0} ypg = O ft

YPE = 1f|:Hst >0 , 3

Horizontal Driving Forces - Passive Pressure - Limit State Earthquake

1 1
Ppypi= if[(HWh) >0, —Kyy-(H, - Hwh)z,z-Kpm{-(Hs + d)2:| Ppyp=101251b

YpIp = ifI:Hwh >0,H,, +d+ (Hs Wh) ’ (Hs + )}

=10.251t
3 3 ¥DIp
Ppap = if[Hyp > 0, Ky (Hy — Hp)-(Hop + d),0] Ppyop = 209251b
HWh +d
Yp2p = if Hwh>0,_—2——,0 yD2p=3.88ft
) 1
Py = if[HWh >0,~ Kpr(¥s = Vo) (Hun + d)z,O} Pgpa = 609034 1b
Hy, +d
Yspd = if Hwh>0,—?-—,0 Yspd = 2.58 1t
1
Pypdi= if[(Hwh > o),zqw-(Hwh + d)2,0:| P, = 1873.951b
. HWh +d
Ywpd = if] Hwh > 0,'_3—,0 Ywpd = 2.58ft
Psurp = Kp-fy-S-(Hs + d) construction surcharge Psyrp = 0
H,+d
YSURp = Ysurp = 7-63 ft

RetainingWall_SSINTResearch_Usual_Extreme.xmcd
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Feature: Cantilever Wall Appraisal Level Design

Horizontal Concrete Inertial Forces  (ASCE 7, Section 9.14.5)

X:= 1.0 compute inertial forces based on test peak of 1.0g

Whe = —ky-Wp

Yhe = ¥
Whe = 3764.06 1b Yne = 1.38 ft
W = —har Wy Ywe = Yu
Wye = 5156.251b Vwe = 9 ft
Wie =~k We Yie = Wi
W, = 1804.69 1b Vie = 1.38 ft
Wie = i Wi Yke = Yk
Wie =0 Yke =0
Horizontal Soil Inertial Forces
Wikq = —kn Wgsur Yegq = d + =
Wsgq =0 Vegq = 9 ft

Hydrodynamic Force - Westergaard's Equation

Load for free pore water conditions in silty sand and gravel backfill or free standing water.
Reference USACE EM 1110-2-2502, page 3-78

Ib
Cer= 5L0-—
ft
2 2
Pre = E‘Ce'kh'Hwh YRe = -4'Hwh +d
Pre = 850 Ib Yre =475 1t
2 2
PHe = ;'Ce'kh'Hwt YHe = '4'Hwt +d
Pye =0 Ve = 2.75 ft
Uplift Forces
1 2
Uy = Y= (Un - U Ly xy1 = ~-Ly
2 3
U, =326431b xu1 =9 ft
1
Uy == vy ULy Xyp = ‘2"'Lb
Uz =0 lb Xy = 6.75 ft

RetainingWall_SSINTResearch_Usual_Extreme.xmcd
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Feature: Cantilever Wall Appraisal Level Design

Moments About Toe
Conservatively check overturning neglecting cutoff wall key.

Resisting Moment
Usual Load Case (At-Rest Pressure)

Mo = Wy Xy + Wixp + Wexg + WeXg + P Yapo + War Ywt + PspoYspo M,, =-175768 Ib-ft
Construction Load Case (Active Pressure)
Mp, = Worxy, + Wyxp + Wexp + Wexg + Pwp'ywp + Wy Y + Psp'Ysp + Wisur-XssUR

M,, = -175768 Ib-ft
Seismic Load Case (Active Pressure)

Mg, = Wy Xy, + Wiexy + Wexg + Wexg + Pwp'ywp + Wy Yt + Psp'Ysp + APpg-ypg
Mg, =-175768 1b-ft

Overturning Moment
Usual Load Case (At-Rest Pressure)

Mo = Ppio'¥p1o + Pp20'¥D20 + Pso'¥so + PwoYwo + Ui-xy1 + Uarxyn M,, = 67653 Ib-ft

Construction Load Case (Active Pressure)
Moz = Pp1a-¥pia + Pp2a¥p2a + PsaVsa+ Pwa'Ywa + PsuraYsura + Urxur + Uzxyz
Seismic Load Case (Active Pressure) Mg, = 56509 Tb-ft
Mgoi = APap1'YaEl + APAE2YAE2 + PDia'YDla + Pp2a'YD2a + Psa¥sa + PuaYwa
MEgo2 = PreYre + Urxut + Uz X2 + Woe'Ywe + Whe'Vhe + WieYie + WikEq YsEq + PHe YHe
Mg, = Mgo1 + Mg Mg, = 222952.11 Ib-ft
Seismic Limit State Case (Passive Pressure)
Mgpt = Ppip¥pip + Po2p ¥p2p + Pspd Yspd + Pupd Ywpd + Psurp-Ysurp
MEg2 == Pre'YRe + Urxui + Uz xuz2 + Wye'Ywe + Whe'Yhe + WieVie + Wegq'YsEq + PHe Yhe

Mg, = Mgy + Mg Mg, = 292919.52 1b-ft

ZFy Vertical Force

Fyi= Wy + Wi+ Wy + Wi+ Uy + Uy + Wy F, =-19473 Ib Usual & Seismic Load

Fiei= Wy + Wp+ Wi+ Wo+ Up + Uy + Wy + Wggp Fye =-194731b - Construction Load

RetainingWall_SSINTResearch_Usual_Extreme.xmed
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Feature: Cantilever Wall Appraisal Level Design

Location of Resultant - Usual Load Case (At-Rest Pressure)

(Mro + Moo) . Lb
Resultant := F— Resultant = 5.55ft  OTyyc := if| Resultant > ? ,"YES" ,"NO"
y
Resultant w/in middle third of base: OTnyc = "YES"
Ly
Eccentricity := —2- — Resultant Eccentricity = 1.2 ft

Stress Distribution Under the Footing Usual Load Case (At-Rest Pressure)

F 6-Eccentrici 1
oy = L[ 1 4 2ccentricity oy = -22102
L, Ly ft
F 6-Eccentrici 1
S v - ccentricity oy = —674—b
Ly Ly ft

3
b:= E-(Lb - 2-Eccentricity) Xtenso = if (0'2 > O,b,O) Xtenso = 0 ft

Fy

T ,O
3 L, — 2-Eccentricity

b
Otoefaceo = if(xtenso >0 1) Ttoefaceo = —2210% The stress at the toe

. b
Oheelfaceo = if’ (xtenso > 0,0,crz) Oheelfaceo = —074 E The stress at the heel
. Otoefaceo — Theelfaceo  Ttoefaceo — Theelfaceo -2
bPosiope = 1f[xtenso >0, b , L ) bPosiope = —113.78 Ib-ft
b

t b The stress at the centerline of
Omido = ‘bposlope' L+ 5 * Ooefaceo Omido = —1713}; the wall stem

Overturning Factor of Safety (Usual Load Case - At-Rest Pressure)

FSor = FSor = 2.6 OTresut = if(FSor < 1.5,"NO GOOD" , "OKAY")

00

OTresuie = "OKAY"

Bearing Capacity Check

Bearingnic = if[ Qatiowabieft) 2 ~Gioofaceor "OKAY" ,"NG"] Bearingy; ¢ = "OKAY"

RetainingWall_SSINTResearch_Usual_Extreme.xmcd
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Sheet 13 of 36
7/6/2009

Usual Load Case -Base Stress Distribution (At-Rest Pressures)

1

; 10001
o'toefacco*(bp()slope' dist ft)— 0

Stress (psf)

- 20001

dist
Distance (ft)

Base Stress

Location of Resultant - Construction Load Case (Active Pressure)

(Mra + Moa)

Resuliank=

Fye

Result w/in middle third of base:

Ly
m:z _{ — Resultant

Ly
Resultant = 6.12ft QT = if (Resultant > ? ,"YES", "NO")

Ly
OTNLC = "YES" —3_ = 45ft

Eccentricity = 0.63 ft

Stress Distribution Under the Footing Construction Load Case (Active Pressure)

ch (
=71
b
ch (
Fa= 7|1
b

b, = %-(Lb - 2-Eccentricity)

Coefacea = lf(Xtenso >0

N 6-Eccentricity)

Ly

6 EccentricityJ

Ly

i 5
'3 Ly, ~ 2-Eccentricity ’

Xiensa *= if(crz > O,ba,O)

Ib

o) =-1844—

ft

Ib

Oy = -1041—

ft

Xtensa = O ft
Ib T, h
O1| Otoefacea = —1844; he stress at the toe

Ib

O heelfacea = if(xtensa >0,0 70-2)

Oheclfacea = —1041 E

The stress at the heel
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. Otoefacea ~ Theelfacea O toefacea — Oheelfacea -2
bpaslope = lf(xtensa >0, b > L ) bpaslope =-59.431b-ft
a b

t Ib The stress at the centerline of
O mida *= _bpaslope' L+ E * Otocfacea Tmida = _1584E the wall stem

Bearing Capacity Check

Bearingnne= if] (Quiowabie 1) 2 ~Tioefaccas "OKAY" ,"NG"]  Bearingy;c = "OKAY"

Construction Load Case -Base Stress Distribution (Active Pressures)

0 5 10
— 5001
[y
&
2 c"toefacea“'(“ bpasmpe)dist i 3|
B 1x10
P
~ 1.5x10%
dist
Distance (feet)

Location of Resultant - Seismic Load Case (Active Pressure)

(MEr + MEO) .
Resultantg := —F— Resultantg = 242t  OTgyc = if (ResultantE 20,"YES", "NO")

y

Result w/in base: OTgr ¢ = "NO"

Ly
Eccentricityg := —2— — Resultanty Eccentricityg = 9.17 ft

Stress distribution Under the Footing (With Earthquake)

F, 6-Eccentricityg b
Olg:=—"- 1+ — 0'1E=—7323'—

F 6-Eccentricityg b
9 = —y l-—m— C'2E=4438—
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(L — 2-Eccentricityg)  Xengk = if (02 > 0,bg,0)

N W

bE =

4 F

TtoefaceE = 1f| Xiense > 0, 0
3 Ly — 2-Eccentricity

b

OheelfaceE = if(xtensE >0, 0:0'2}3) OheelfaceE = 4438;

Xiensg = —7.27 ft Resultant not

M
- 1 Ej OtoefaceE =

within base - NG -
Need Stud Anchors

—73231—fl: The stress at the toe

The stress at the heel

2

b = if| x, >0, R
PEslope ( tensE bE Lb

t b
OmidE = _prslope' (Lt + 5) + CioefaceE Omidg = =3 512;

Bearing Factor of Safety

_QallowableEQ' 1t

TioefaceE

Bearing Capacity Check

OtoefaceE ~ TheelfaceE  TtoefaceE — GheelfaceE] —
bPEglope = —871.22 Ib-ft
pe '

FSpp = ———— FS,g = 283.15> 1.5 required OK

Bearingpyc = if[ (Qanowabierq' 1) 2 ~Cioefacers "OKAY" ,"NG"]

The stress at the centerline of
the wall stem

Bearingg; ¢ = "OKAY"

Extreme Load Case - Base Stress Distribution - Active Pressures

0 5 10

- 2x10%
X
? UtoefaceE"’(_ prslope)dist 3
B — 4x10%
W

_6x1 03-

dist

Distance (feet)
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Location of Resultant - Seismic Limit State Case (Passive Pressure)

(Mg, + M) .
Resultantg; = ——-—F——— Resultantg; = —6.02ft OTg = if (ResultantEL >0,"YES", "NO")
y
Result w/in base: OTg = "NO"
Ly
Eccentricityg = 7 — Resultantg; Eccentricitygy, = 12.77ft

Stress distribution Under the Footing (With Earthquake)

F, 6-Eccentricitygy, b
oy = 21 4 SECCTCiEL o1pL = ~9627—
Lb Lb !
F, . 6-Eccentricitygy, 6742 b
0- :: — -_— O- - ft
2EL L, Ly 2EL ft

3
by = 5'(Lb - 2-EccentricityEL) XtensEL = if (02EL > O,bEL,O) XiensEL = —18.05 ft Resultant not

within base - NG -
Need Stud
4 F, N b Anchors
GtOCfﬂCCEL = lf[xtensEL > O ’ ; Lb _ 2 -Eccentricity B c,.IEL GtoefaceEL = _9627 E The Stress at the toe
/
. Ib
OheettaceEL = if (¥iensEL > 0,0,0261) Theclfacebr = 6742 r The stress at the heel
. O'toefaceEL. ~ TheelfaceEL T toefaceEL — TheelfaceEL -2
prleope = lf(xtensEL >0, b , L j prLSlopc =-1212.48 Ib-ft
EL b
t Ib The stress at the centerline of
OmidEL = ~bPELstope’| Lt + = | + TroefaceEL TmidEL = “4322E the wall stem

Bearing Factor of Safety

ES —QallowablerQ 1 ft
bEL S T _ ,
O gefaceEL FSyp = 2154 > 1.5 required OK

Bearing Capacity Check

Bearingg = ifl:(QallowableEQ' Ift) 2 ~OoefaceEL, OKAY", "NG":l Bearingg; = "OKAY"
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Extreme Limit State Case - Base Stress Distribution - Passive Pressures

0 5 10

~ 2104
g 3
S . =107
% c"toefaceEL‘*(‘ prleope)d‘St
& —6x10F

—gx10%

dist

Distance (feet)

Summation of Forces (USACOE, EM 1110-2-2502, Page 4-26)
Check sliding including benefit of cutoff wall (if applicable).
F.:= cos(0) F.=1 F := sin(0) Fs=0

ZFy Vertical Force for Sliding - Usual Load Case (At-Rest Pressures)

Fyto = (Wy + Wy + Wy + Wyt Wy + Up + Uy + W), Fy1o=-194731b
Fy20 = (PDlo + Ppog + Pyo + Py + Py + Pwpo + Pspo)‘Fs Fy20 =0Ib
Fyso = Fy1o + Fypo Fye =-19473.21b

ZFy Vertical Force for Sliding - Construction Load Case (Actvie Pressures)

Fyiai= (W + Wy + W+ Wo+ W+ Uy + Uy + Wy, + Wissur)-Fe F,1,=-194731b
Fy2a:= (Ppia + Ppoa + Psa + Pyy + Psypa + Py + Pyg)-F Fypa=01b
Fygp = Fy1a + Fypy Fy = -1947321b
ZFy Vertical Force for Sliding - Seismic Load Case (Active Pressures)
Fypi= (Wy + Wy + We+ W+ Wy + Uy + Uy + Wit)-F Fy g =-194731b
Fyor = (Ppia + Ppog + Pgg + Py + Ppe + Ppye + P, + Py)F, Fyop=01b
Fysg = (Wye + Wio + Wye + Wye + Wi + W, + APag, + APp)) F Fap=01lb

FysE = FylE + FyZE + Fy3E FysE =-19473.21b
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ZFy Vertical Force for Sliding - Seismic Limit State Case (Passive Pressures)

Fyipp = (Wy + Wy + W, + W+ Wi+ Uy + Up + Wit)-Fe Fyipr = -19473 1b
Fyopr, = (Pp1a + Ppoa + Peg + Pyg + P + Pyye + Py, + Py Fy FyopL = 01b
Fyspr = (Wye + Whe + Wy + Wie + Wie + Wy + APpg; + APpy) Fy3pr =01b
Fyser = Fyi + Fop + Fysg FyeL = —19473 1b

2F, Horizontal Force - Usual Load Case (At-Rest Pressures)

Fy1o= (Ppio + Ppgo + Pgo + Pyo + Py, + Pypo + Pypo) Fe Fy1o = 90791b
Fuoo = (~Wy = Wy = W, = W, = Wy — U - U, — W,,,)-F, F20=01b
FXO = Fxlo + FX20 FXO = 9079 ]b

ZF, Horizontal Force - Construction Load Case (Active Pressures)
Feia = (Pp1a + Ppoa + Poy + Py + Pgypa + Py, + Py)-F, Fy 1, = 6001 Ib
Fyoa = (<Wy, = Wy = Wy = Wy = Wy = Uj = Uy — Wy — Wsur)-Fs Fyoa =01b
Fya = Fy1a + Fyq

F,, =60011b
ZF, Horizontal Force - Seismic Load Case (Active Pressures)

Fix1 = (APags + APapy + Py, + Py + Pppy + Pryyy + Pye + Py + Py, + APpg + Py ) F,

Fry = 18442.141b

Feeo = (Wwe + Wpe + Wie + Wy + WsEq)'Fc Fgyo = 107251b
Fra = (~Wy = Wy = Wi = Wy = Wy~ U = Uy - W) F, Fgx3=01lb
Fgx = Fga + Fexo + Figs Fgx =291671b

ZF, Horizontal Force - Seismic Limit State Case (Passive Pressures)

Fixt1 = (Pupd + Pspa + Ppip + Ppop + Pre + P + Py, + APpg + P, ) F, FE, | = 39864 1b
Fexz = (Wie + Whe + Wie + Wi + Wegg) Fo Fpo, = 107251b
Fras = (~Wy — Wy = Wy = Wy = Wy = Uy - Uy — Wot)-F Fea3=01b

Fexp = Fexi1 + Fexi2 + Fexs Fgye = 50589 1b
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Sliding Factor of Safety: Usual Load Case (At-Rest Pressures)

(L, - 8)-(=F
Fs, = c ( b Xtenso)F+ tan(d) ( yso) FSui= round(FSs, 1) FS, = 1 Acceptable 1.0

X0

Slidenyc = if(FS > 1.0,"OKAY" ,"NG") Slideyyc = "OKAY"

Sliding Factor of Safety: Construction Load Case (Active Pressures)

¢(Lp ~ Xeensa) + tan(8)-(~Fyq,)
Fra

FSg = ESsai= round(FSg,, 1) FS,, = 1.5 Acceptable 1.5
Slideny cq = if(FS, 2 1.5,"OKAY","NG")  Sliden;c, = "OKAY"

Sliding Factor of Safety: Seismic Active Pressure

C'(Lb - XtensE) + tan(é)'(_FysE)
FEx

FSgg = ESw,= round(FS,1)  FS=03  Acceptable 1.1

Slidegy ¢ := if(FS,z 2 1.0,"OKAY","NG") Slideg; ¢ = "NG"

required shear
anchorage force
per foot of wall

Resisty g == Fgy — [c-(Lb - xtensE) + tan(é)-(—FySE)] Resisty, 4p = 20416 1b

Sliding Factor of Safety: Seismic Limit State Passive Pressure

C'(Lb - XtensEL) + tan(‘s)'(_FysEL) F

FSse = = FSsgn:= round(FSgr, 1) FSgy =02  Acceptable 1.1
ExL
Slidsang.= if(FSser 2 1.0,"OKAY","NG") Slideg; ¢ = "NG"

ReSiStstudEL = FEXL — [C'(Lb - XtensEL) + tan(ﬁ)-(—FySEL)] ReSiStstudEL = 41838 ]b fequf'ed Shear
anchorage force
per foot of wall
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CONCRETE STRENGTH DESIGN

For limit state passive earth pressure for appraisel-level strength design use no load

factors and include strength reduction factors. All other load cases use load factors

Concrete Strength Design Parameters

Concrete strength f= 40()0& Steel strength f, := 60000 L2

in2 in2

Load Factors

(Not Used for LFp:= 1.2 Dead LFy; = 1.6 Soil LF;:= 1.0 Earthquake

Passive Limit

State)

Strength Reduction Factors o, = 0.9 Bending ¢, = 0.75 Shear

Minimum Steel ratio

Pmin = 0.0025 ACI14.3.3.b Pmin = 0.0025

Element Geometry

Footing thickness bp=d Wall thickness by =t

Key thickness b=k Unit width b= 12in

Distance to bottom footing steel dg, == by —3.5in dg =29.5-in

Distance to top footing steel dg = by~ 2.5in dg = 30.5-in

Distance to steel in wall d,, = by, —2.5in dy, =30.5-in

Distance to steel in key dy = by — 2.5in dy =-2.5-in

Wall Stem - Recompute Lateral Forces for Structural Design of Wall Stem

Horizontal Forces - At-Rest Earth Pressure for Usual Load Case

Ppiows = %KO’\{(HS - Hwh)2

PDlOWS = 16875 lb

Ppoows = Ko'ﬁ{’(Hs - Hwh)'(Hwh)

PDZOWS = 2250 lb

1

2

YDlows = Hyn +
YDiows = 7.5 ft

Hwh
YD2ows = _2_

YD2ows = 2.5 1t

Psows = —2_ 'KO.('YS - 'Yw)'(Hwh) Y, — %
sows
3
Pyows = 423 1b Ysows = 1.67 ft
1 2
Pyows = E"Yw'(Hwh) y = E"lll
wows 3
Pyows =780 1b Ywows = 1.67 ft
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Horizontal Forces - Active Earth Pressure for Construction Load Case

1 2 -
Pplaws = _Ka’Y(Hs - Hwh) — (HS HWh)
2 ) YDlaws == BHyp + 3
PDlaws= 11251b YDlaws=7~5ft
Hwh
Ppoaws = Kaﬂf(Hs - Hwh)'(Hwh) YD2aws ‘= T
PDZaws =15001b YD2aws = 2.5
1 2 H
Poaws = _'Ka'(‘Ys - ’Yw)'(Hwh) . _wh
2 Ysaws = 3
Poaws = 2821b Ysaws = 1.67 ft
1 2 H
Pyaws = _'ﬁfw'(Hwh) . _wh
2 Ywaws =
3
Pyaws = 78010 Ywaws = 1.67 ft
PSuRaws = Kyv-S-(H;) Construction Surcharge H;
YSURaws = 7
PsuRraws = 0 YSURaws = 6.25 ft

Earthquake Forces - Active Pressures

Horizontal Forces - Active Earth Pressure for Extreme Load Case

1 2 H
Phews = E'KAE"Y'(HS ~H,) PDcws = 4285.01 1b Yuews =
Ppoews = Kapy-(Hy — Hyn)-(Hyp) Ppens = 5713.351b H,
YsEqews = ?
1 2
Pyeys = E'KAE'('YS ~Vy)-(Hun) P, = 1073 1b

Horizontal Forces - Active Earth Dynamic Components

APpE ews = (PDlews - PDlaws) + (PDZews - PD2aws) YAElews = _3_
APpgiews = 7373.351b YAElews = 8.33 ft
2-(Hyy)
APAEZews = Psews — Poaws YAE2ews = 3
APAEZews =791.171b YAE2ews = 3.33ft
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Horizontal Forces - Limit State Earthquake - Passive Earth Pressure

1
PDlpws = EKp'Y(Hs - HWh)2

PDlpWS = 10125 lb

Ppapws = Kpy '(Hs - Hwh)'(Hwh)

Pppws = 13500 1b

1
Pspws = _Z"Kp'('Ys - ’Yw)'(Hwh)z
Pyows = 25351b

Pwpws : 'Yw'(Hwh)z

1
2
Pypws = 780 Ib

Psurpws = Kyy-S:(H) Construction Surcharge

PSURpws =0
Summation of Forces
ZF, Horizontal Force

Usual Load Case (At-Rest Pressures)
Frows = Ppiows + Pp2ows + Pyows + Pwows

Construction Load Case (Active Pressures)

anws = PDlaws + PD2aws + Psaws + Pwaws + PSURalws

Seismic Load Case (Active Pressures)

&mF APaE1ews + APaRsews + Wye + WsEq + Pre + Py

M;: Ppiaws + Ppoaws + Poaws + Pwaws

Aoan= Fexi + Fex2
Seismic Limit State Case (Passive Pressures)

FexLs) = Wye + WsEq + Ppe + Pye

Feyso = PDlpws + PD2pws + Pspws + Pwpws

Feyis = Frxist + Fexiso

(Hs - Hwh)
YDipws = Hyp + —————
3
YD1pws = 7.5 ft
Hwh
YD2pws = T
YD2pws = 251t
Hwh
Yspws = °3_
Yspws = 1.67 ft
Hwh
Ywpws = T
Ywpws = 1.67 ft
H
YSURpws = _2‘

YSURpws = 6.25 ft

Fyows = 51401b

Fraws = 36871b

Fge1 = 14171 b
Feyo = 36871b

Fp, = 17857.441b

Feest = 60061b

FEXLSZ = 26940 lb
Frys = 32946.251b
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Factored Design Shear - ACI 318 & ASCE 7

VLo = Ly Fyows (Static - At-Rest) VLo = 82241b
Viita:= LFyFaws (Static - Active) ViLia = 58991b
Vg i= LFp-Fpy + LFy-Fgyo (Seismic - Active) Vg = 20069 1b
VL = Fexis) + Frase  (Seismic Limit State- Passive) VgL = 32946 1b
Vamax = max(Vur 1o, VarLa> Vubs Vuer) ViMax = 32946 1b

Wall Stem Shear Check

f Ib
V=2 fc-—2-~b-dW V. =462961b
in

OV, = bV, OV, =347221b

Shearge,, = if (VuMax < $V,,"OKAY", "NG") Shearg., = "OKAY"
Summation of Moments

Max Flexural Moment

Usual Load Case (At-Rest Pressures)
Mows = Ppiows YD1ows + PD2ows YD2ows + Psows' Ysows + Pwows' Ywows

M,ys = 20285 Ib-ft
Max Flexural Moment

Construction Load Case (Active Pressures)
Maws = Ppiaws ¥YD1aws + Pp2aws'YD2aws + Psaws Ysaws + Pwaws Ywaws T PSURaws' YSURaws

M,ys = 13957 Ib-fi

Seismic Load Case (Active Pressures)

MEwst = Pplaws' YD1aws * PD2aws YD2aws + Psaws' Ysaws + Pwaws' Ywaws

MEws2 == APAE ews YAE2ews + APaAE2ews YAE2ews + PRe'YRe + Phie'YHe + Wae Ywews + WsEq YsEqews
My = 13956941b-ft Mg =63479.151b-ft  Mp,q = Mpys + Mpye = 77436 Ib-ft
Seismic Limit State Case (Passive Pressures)

MEuwsits = Ppipws YD1pws + Pp2pws YD2pws + Pspws' Yspws + Pwpws Yupws

MEwsors = Pre'YRe T PHe'YHe T WiweYwews + WsEq YsEqews

MEWS]LS = 1152121bft MEWSZLS = 36264 lbft MEWSLS = MEWS]LS + MEWSZLS = 151477 lbft

RetainingWall_SSINTResearch_Usual _Extreme xmcd

B-29




By: Steve Dominic SSI Research Project
Checked by: David Gold Full-Scale Retaining Wall
Feature: Cantilever Wall Appraisal Level Design

Sheet 24 of 36
71612009

Factored Design Moment - AC1 318 & ASCE 7

Mytio = LFy-Mgus (Static - At-Rest) Myi 1o = 32457 Ib-ft
Mut1a = LFg-Myys (Static - Active) Myl La = 22331 Ib-ft
Mgk = LFg-Mgyg + LFpMpwo (Seismic - Active) Mg = 85810 Ib-ft
Mykrs = Mggsis (Seismic Limit State- Passive) Mygrs = 151477 1b-ft
MyMaxws = max(MuLLosMuLLa9MuE’MuELS) M Maxws = 151477 1b-ft
Mum
ke=1-[1- — - k, = 0.05
0.425- Oy £,-b-d,,
0.85-fk,b-d
Agyg= —————— Agyg = 1.13-in
fy
.2
Asmin = Pminb-dw Agmin =0.91-in

#10 @ 12" Each Face Vertical Bars A_ = 1.27 in.2
Conservatively use the same reinforcement on inside face of wall.

Temperature and Shrinkage Steel - USACE EM 1110 -2-2104

.0028-b-b,, o ) L
Ay = I — A =0.55-in #7 @ 12" Each Face A, =0.60in.
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Footing Design

For strength design of the footing, conservatively design the bottom reinforcement for the
toe base pressure distribution from the edge of the toe to the centerline of the wall stem.
Conservatively design the top reinforcement based on the weight of the fill above the heel.

Toe Shear Load
Static - At-Rest

Troetacee = ~2210Tb-f |

Otoefaceo T Tdo
2

Cavgo =

Vioeo = "Uavgo'(Lt - dfb)

Static - Active

O roctacea = 1844 Tb-ft |

Otoefacea T Tda

Cavga = >
Vioea = ‘Gavga'(Lt - dtb)

Seismic - Active

OroefaceE = —71323 1b-ft !

t —
O4E *= Omidg + prSlOpe'(E + dﬂ)) O4g = —6851.31 Ib-ft

OtoefaceE T TdE

CavgE = 2

VioeE = -Gang'(Lt - dfb)

Tmido = 171310 |

1

t Compute the shear a
Gdo *= Tmido + bposlope' 5 +dpy,

Ogo = —2148.86 Ib-ft distance "d"away from

the face of the wall.

Caygo = —2179.68 Ib-fi '

Vipeo = 1180.66 Ib

Crmiga = —1584 Tb-ft !

1

t Compute the shear a
Oda *= Omida + bpaslope' 5 + dfb

O4a = —1811.41 1b-ft distance "d"away from

the face of the wall.

Cavga = —1827.5 b !

Vioea = 989.91b

Tmige = ~35121b-f !

1 Compute the shear a
distance "d"away from
the face of the wall.

Cavgr = ~7087.27 b |

Vieet: = 3838.94 b
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Seismic Limit State - Passive

O oefaceEL = —9627 Ib-ft ! OmideL = —4322 Ib-ft 1

1 Compute the shear a
distance "d"away from

t _
OdEL *= OmidEL + prleope'(E + dtb) O4eL = —8969.92 1b-ft
the face of the wall.

CTioefaceEL T OdEL 1

CavgEL = ) TavgEL = -9298.3 Ib-ft_

VieetL = —Cavgrr{Li = di)  VieepL = 5036.58 Ib

Factored Design Shear - ACI 318 & ASCE 7
Vutoeo = LFy Vige,  (Static - At-Rest) Vitoeo = 1889 1b

Viutoea = L Vigea  (Static - Active) Vitoea = 1584 1b
Vb= LFH Vioea + LFE'(Vter ~ Vioea) (Seismic - Active) Vg =44331b
Viabkei= VioeEL {Seismic Limit State- Passive) VgL = 50371b
V, ANV e max(Vutoew Vautoea> VuE> VuEL) Vumax = 50371b

Footing Toe Shear Check

lb

Vo= 2 [fe—bdyy V.= 44778 1b

in
OVai= by Ve $V, = 33583 b
Sheargoo; := if(Vymtax < Vi, "OKAY","NG") Sheargy,, = "OKAY"

Check the heel base pressure using the same approach that was used for the toe.
Heel Shear Load Due To Resultant Base Pressure
Static - At-Rest

1 1

Cheelfaceo = —674 Ib-ft O mido = —1713 Ib-ft
1 Compute the shear a
distance "d"away from

t -
O dheelo = Tmido ~ bposlope'(a + dfbj Odheclo = —1276.53 Ib-ft
the face of the wall.

Oheelfaceo + Tdheel -1
ce a°°°2 =2 Gavghecto = —975.48 Ib-fi

Vheelo = _o'avgheclo'(Lh - dfb) Vheelo = 5162 1b

Tavgheelo =

RetainingWall_SSINTResearch_Usual_Extreme.xmcd

R-32




By: Steve Dominic §SI| Research Project Sheet 27 of 36
Checked by: David Gold Full-Scale Retaining Wall 7/6/2009
Feature: Cantilever Wall Appraisal Level Design

Static - Active

Oheelfacea — -1041 lb‘ft~ ! Cida = —1584 lbft— 1

1 Compute the shear a
distance "d"away from
the face of the wall.

t —
Tdheela = Tmida — bpaslope'(g + dfb) Cdheela = —1355.79 1b-ft

Oheelfacea T O dheela 1

Cavgheela = > Cavgheela = -1198.56 Ib-ft

Vheela = _Gavghecla'(Lh - dfb) Vheela = 63421b

Seismic - Active

OheelfaceE = 4438 Ib-ft ! Omide = —3512 Ib-ft 1

1 Compute the shear a
distance "d"away from
the face of the wall.

t _
OdheelE "= OmidE — prslopc'(E + dfb) Tdheelg = —171.92 1b-ft

OheetfaceE + TdheelE -1
GTavgheelE = ) O avgheelE = 2133.19 1b-ft
Lovehooll, = if("avgheelE 2 O’O’O-avgheelE)

VheelE = ~Taygheets(Lh — dy)  Vheeg = 01b

Seismic Limit State - Passive

pectincepr, = 6742 1b-f | gy = —43221b-f |

1 Compute the shear a
distance "d"away from
the face of the wall.

t _
OdheclEL *= OmidEL ~ prleope'(E + dfb) O dheolEL = 325.74 1b-ft

OheelfaceEL + OdheelEL -1
CavgheelEL = 5 CavgheelEL = 3533.751b-ft
Favghealbiha = if(("avghcelEL 20,0, cravgheelEL)
VheelEL = _GavgheelEL'(Lh — dﬂ,) VheelEL =01b Full tension - Therefore Not
Applicable.
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Factored Design Shear - ACI 318 & ASCE 7

Vuheelo = LFH'Vheelo (Static - At_ReSt) Vuhee]o = 82591b
Viheela = LFi Vieela (Static - Active) Viheela = 10148 1b
Viuheelt = LFy Vheela + LFE'(VheelE - Vheela)(seismic - Active)  Vypeep = 38051b

ViheelEL := VheelEL (Seismic Limit State- Passive) VuheelgL, = 0 1b

,VMHM@&,:: max(vuheelovVuheela’VuEaVuEL) Vumax = 10148 1b

Footing Heel Shear Check

! Ib
Vo= 2 fcv—z--b-dﬂ, V. =447781b
in

OVai= 0V, $V, = 33583 1b

Shearren= if(Vamax < $Va, "OKAY","NG") Shearpy, = "OKAY"

Shear Load Due To Dead Load Above Heel

Wiead = Fy — U = Uy Wead = —22737 Ib (Total dead load above heel)

VuDead = _LFD'Wdcad VuDead =272851b

Footing Heel Shear Check

Ib
Yei=2 fc-—z'b-dﬁ V. =462961b

in
OVe= 0y Ve $V, =347221b
Sheag= if (VuDead < $V,,"OKAY" ,"NG") Shearg,,; = "OKAY"

RetainingWall_SSINTResearch_Usual_Extreme.xmcd
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Footing Toe - Bottom Reinforcement

Static - At-Rest

Tmido = ~1712.69 b !

t
Ligeo == Ly + ; Ligeo =4.38 f1

Oioefaceo = -2210.49 1b- ft_ I

1 { Omido + 2*Tioefaceo
Xtoeo = - ‘Lioeo Xtoeo = 2.28 ft

3 Omido + Ttoefaceo
Otoctaceo T Tmido
Miowo = _(f)'“%o-xtm Mioco = 19567 Ib-ft
Static - Active
t Grmida = ~1583.6 1b-f~ |
Lioea = L + 5 Ligea =4.38 ft

Otoctaces = ~1843.6 b |

1 { Omida t 2'Utoefacea
Xioea == ‘Lioea Xioea = 2.24 ft
3 Omida + Otoefacea

Oioefacea ¥ Tmida
Mooea = _(_z“)'“%a-xtoea Mges = 168141b-t
Seismic - Active _
¢ T midE = -3511.62 lbft !
Ligeg = L + 5 Ligep =4.381t

CtoctaceE = ~7323.22 1b-ft |

1 [ OmidE + 2'OoefaceE
XtoeE = T* “LioeE XiocE = 2.44 ft
3\ %midE + Ttocface

OtoefaceE + TmidE
Mioeg = —(__T—)'Lter'xter Mioeg = 57926 Ib-ft

Seismic Limit State- Passive

. OmideL = ~4322.09 b i |
L(erL = Lt + E LterL =438t

OoefaceEL = —9626.68 Ib-ft !

1 { OmidEL + 2*CioefaceEL
XtoeEL ‘== -

3 ]'LterL XioeeL, = 246 ft

OmidEL * OtoefaceEL

OtoefaceEL T TmidEL
MterL = _( ) )'L[erL' XioeEL MterL = 75208 1b-ft
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Factored Design Moment - ACI 318 & ASCE 7

Mutoeo = LFg-Mgeo (Static - At-Rest) Mutoeo = 31307 Ib-ft
Muytoea = LFyMigea (Static - Active) Myioea = 26903 Ib-ft

Muter = LFH'Mtoea + LFE'(Mter - Mtoea) (Seismic - ACtive) Muter = 68015 Ib-ft

M yoekL = MigerL (Seismic Limit State- Passive) M yioepr. = 75208 1b- ft
MuMax = max(Mutoco:Mutoea,MuterrMuterL) M Max = 75208 1b-ft
l\/IuMax
=1-]1- =0.03
o -k

0.425-Gpp-fb-dgy

0.85-f -k, -b-dg, 9
Astoe = ———————— Agoe = 0.57-in

fy

Footing Heel - Bottom Reinforcement

Static - At-Rest
¢ Crnido = —1712.69 Ib-ft~ |
Lheelo = Ly + 5 ~ Xtenso  Liheelo = 9.13 ft

Oheelfaceo = —074.43 b-ft !

1 { Omido + 2" Cheelfaceo
Xheelo = - ‘Lheelo Xheelo = 3.9t

Omido + Theelfaceo

Oheelfaceo + Tmido
Mpeelo = _[ ) )'Lheelo'xheelo Mpeeio = 42487 1b-ft

Static - Active
. Ornida = ~1583.6 bt~ |
Liceta = Ly + E ~ Xeensa  Lheela = 913 ft

Chectfacea = ~1041.32 b |

1 { %mida t 2'Checifacea
Xheela = 7 ‘Lheela Xheela = 4.25 ft
3 Omida + Theelfacea

Oheelfacea T Tmida
Mheela = ‘(#j'l‘heela' Xheela Mheela = 50879 Ib-ft

RetainingWall_SSINTResearch_Usual_Extreme.xmcd

B-36




By: Steve Dominic SSI Research Project

Sheet 31 of 36

Checked by: David Gold Full-Scale Retaining Wali 7/6/2009
Feature: Cantilever Wall Appraisal Level Design
Seismic - Active 1

Omidi = —3511.62 Ib-ft

t
Lpeceie = Ly + 5 — XiensE Lol = 16.39 1t B
GheclfaceE = 4438.31 lb‘ft

XheelE = 7°

1 { Omide + 2 *OheelfaceE
3

‘Lheele XheelE = 31.64 1t
OmidE 1 TheelfaceE

OheelfaceE + TmidE
Mieeir = —( 5 )'LheelE'xheelE Mpeelg = —2403221b-ft

Seismic Limit State- Passive

OmidpL = —4322.09 Ib-ft ‘

t
Lpeeter == Ly + E — XensEL. LheelEL = 27.17ft »
OheelfaceEL, = 0741.76 1b-ft

1 { OmidEL + 2-OheelfaceEL
XheelEL = = ‘LheelEL XneeleL = 34.29 ft
3 OmidEL + OheelfaceEL

OheelfaceEL + TmidEL 6
MpeeleL = —( 5 )'LheelEL'xheelEL Mieeier, = -1 x 10" 1b-ft
Factored Design Moment - ACI 318 & ASCE 7
Myheeto = LFy-Mpeeto (Static - At-Rest) Mypeelo = 67979 1b-ft
Mypeela = LFyrMpeela  (Static - Active) M heela = 81406 Ib-ft

Mypeele = LFy-Mpeela + LFE'(MheelE - NIheelaqseismiC - Active) Muneelg = —209794 1b-ft

M heelEL = MheelEL (Seismic Limit State- Passive) Myneetpr, = —1127433 Ib-ft
,MM,uMa;‘.,:z max(Muheelo,Muheelaa MuheelEfMuheelEL) Mymax = 81406 1b-ft
MuMax
Kae=1- 11— > k, =0.03

0.425-Gpp £ b-dgy

0.85-f-k,-b-dg, 2
Asheel I —— Asheel = (0.62-in
fy
Assoios= Prmin'b-dgp Agin = o,gg.inz (Minimum for flexure)

.2
Agpot = max(Astoe’ AshcebAsmin) Agpot = 0.89-in

#9 @ 12" Bottom Face A, = 1.00 in.2
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Moment Load Due To Dead Load Above Heel

Wasas=Fy - U1 —Ua Wead = —22737 b (Total dead load above heel)

Ly ¢
Mypead = _LFD'Wdead'[_z“ + 5] Mypead = 143246 Ib-ft

/MUMWW:Z MuDead MuMax = 1432461b-ft

Mym,
J=1- |1 m— k, = 0.05

0.425-0,, fb-dg

0.85-f,k,-b-dg 9
stop = T Agiop = 1.07-in
fy
Asaios= Pmin’b-dg Asmin=0-91'in2 (Minimum for flexure)
. 2
Astop = max( Agop, Asmin) Astop = 1.07-in

#10 @ 12" Top Face A_ =1.27 in.2

Temperature and Shrinkage Steel

0028-b-by

2
A =0.551n
) ts

#7 @ 12" Each Face A_=0.60 in.2

Summary of Thickness and Reinforcement Requirements

Usual, Construction and Extreme Load Combinations

Temperature and Shrink

Primary Reinforcement Reinforcement Thickness
Wall Stem - Outside #10 @ 12" Vertical #7 @ 12" Horizontal 2'-9"
Wall Stem - Inside #10 @ 12" Vertical #7 @ 12" Horizontal 2'-9"
Footing - Bottom #9 @ 12" Horizontal #7 @ 12" Horizontal 2'-9"
Footing - Top #10 @ 12" Horizontal  #7 @ 12" Horizontal 2’9"
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Determine Welded Stud Requirements for Shear During Shaking
Resistgygg = 204161b  Required shear anchorage - seismic active pressure

Resistygygg := LFy-Fy, + LFE-(ResiststudE - an) Factored shear anchorage - seismic active pressure

ReSiStUSludE =240161b
Resisty, g, =418381b  Required shear anchorage - seismic limit state - passive pressure

Resistygyger, = Resisty, g Factored shear anchorage - seismic limit state - passive pressure

ReSiStUStudEL =418381b

Resistypay = max(ResistUstudE,ResistUsdeL)
Resistyjpr,, = 41837.681b  Maximum Factored shear anchorage

Studycap == 21137-1b  Shear capacity of 7/8” diameter S3L Nelson Stud - see attached

Resistpax
NOStud = —— Number of studs required per foot length of wall
Stuchap
Nogg = 1.98 Say 2 studs required per foot length of wall for shear

Determine Welded Stud Requirements for Tension During Shaking

Seismic - Active

Oheetfacer, = 4438 1b-ft ! Oroetacer = —7323 Ib-ft 1

OheelfaceE + OtoefaceE -
Conahooli = —s - S G pygheelts = ~1442.46 Ib-fi” !

Loavahoelb, = if(c"avgheelE 20, O,GavgheelE)
PcompE = _O'avgheelE'(Lb - xtensE) PcompE =299591b

Piense = PcompE - Fy Piense = 49432 1b

RetainingWall_SSINTResearch_Usual_Extreme.xmcd
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Seismic Limit State - Passive

-1 -1
OheelfaceEL = 67421b-ft TtoefaceEL = -96271b-ft

P OheelfaceEL 2+ GtoefaceEL & avghectit, = ~1442.46 b 1
Tovhoositn= 1 (TavgheetEL 2 0,0, Caygheetrr )

PeompEL = ~Cavgheetel (Lb — Xeense)  PoompeL = 45507 1b

PrenseL == PeompeL — Fy Pienser, = 64980 Ib

Pumax = maX(P tensE» PtensEL)

Pupax = 649801b
Studpegp = 0.6-23100-1b Tensile capacity of 7/8" diameter S3L Nelson Stud - 0.6Fy - see attached

Studpegp = 13860 Ib

1:‘UMax .
Nopgryg = — Number of studs required per foot length of wall
Studpcap
Nopgiug = 4.69 Say 5 studs required per foot length of wall for tension

Re-check for net overturninig moment

MotMax = Mg + Mg, MoTmax = 117152 1b-ft

Momm
kopax = 1— |1 - = > e =0.0015
0.425- G £,b-Ly,

0.85-£,-k,-b-Ly, ., Agud
Astud = b AS(ud =4.27-in NStudFlex = ——————2—-
(80000)-— (7 . )
.2 T -g-m
mn
NStudFlex =71 —_—
4
Nospdrort = Nosgg + Nopstug Noggydrot1 = 6.67
Nostudrorz = Nostug + NswdFlex Nogyudrorz = 908
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NoStudTot = maX(NOSdeot] aNOStudToa) NOStUdTOt =9.08 Conservative value

Say 8 studs required per foot length of wall - Assume 2' x 2' Footing Grid Pattern to match table
tie downs

Compute Wall Stiffness

2
in” b Ib
o= 57000- | f— — E, = 360499653 —
b .2 2

n in
1
I:= —-—-b-t3
12
I=35937-in"
15-E.1
g AI,&];: Cantilver beam with triangular shaped distributed load - Ref. AISC, Table 3-23, Case 18
Ib
K = 575790-—
in
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COEFFICIENT OF FRICTION

COEFFICIENT OF FRICTION

Page 1 of 1

P The following friction coefficients shall be considered in calculating the sliding

friction forces :

Concrete to Soil / Rock 0.30
Concrete to Steel 0.45

Steel to Steel 0.30

Steel to Teflon Plate 0.10

Brick Masonry on moist clay 0.33

Brick Masonry on dry clay 0.50

Brick Masonry on sand 0.40

Brick Masonry on gravel 0.60

Brick Masonry to Brick 0.70

Brick Masonry on rock 0.75
Granite on Granite 0.60
Limestone on Limestone 0.75
Cement Blocks on Cement Blocks 0.65
Cement concrete on dry clay 0.40
Cement concrete on wet clay 0.20
Cement concrete on wet sand 0.40
Cement concrete on dry sand 0.50 - 0.60
Cement concrete on dry gravel 0.50 - 0.60
Cement concrete on dry rock 0.60 - 0.70
Cement concrete on wet rock 0.50

Brick on Brick 0.65

Wood on Wood 0.48

Note: Friction is more on dry surfaces of the same material
compared to wet surface.

go back print page top

http://www.supercivilcd.com/FRICTION.htm
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References:

International Code Council, International Building Code, 2003

USACOE, EM 1110-2-2502 - Retaining and Flood Walls, September 29, 1989

Kramer, Geotechnical Earthquake Engineering, Chapter 11 - Seismic Design of Retaining Walls
NRCS, TR-74 - Lateral Earth Pressures, July 1989

ASCE, SEI/ASCE 7-02 - Minimum Design Loads for Buildings and Other Structures, 2002
USBR, Design Criteria for Concrete Retaining Walls, August 1971

NRCS, TR-67 - Reinforced Concrete Strength Design, August 1980

USGS, Probabilistic Hazard Program, Version 3.10

Gravity Wall Dimensions
i — Surch S
Wall height H.=15.0ft B urcharge l

Soil height (heel) H, = 15.0ft

Soil height (toe) H,, = 0.0ft
Water height (heel) H, ;= 7.75ft
Water height (toe) H,, = 0.0ft

Surcharge (construction) = 0ft

Avg. Wall thickness t= 6.5ft

Footing thickness d = 0.0ft

Key thickness k:= 0.0ft

Heel length Ly == 0.0ft

Toe length L= 0.0ft

Key length = Ly = 0.0ft

Footing Base Length Ly=Li+t+ 1Ly L,=65ft

Sheet Purpose:

The purpose of this calculation sheet is to complete an appraisel-level design for a full-scale
gravity retaining wall system for the purpose of potentially completing a dynamic shake table test
on the LHPOST shake table located in San Diego, CA at the NEES Camp Elliott Facilities.

GravityWall_SSINTResearch_Usual_Extreme xmcd
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Feature: Gravity Wall Appraisal Level Design
Assumptions:

These calculation were developed under the following assumptions based on an appraisel-level
design effort:

1. The proposed configuration based on the dimensions of the shake table is shown on Figures
1 and 2 - Attachment 1

2. The retaining wall and gravity boundary wall will be design using a worst case passive
resistance earth pressure load. While this is a conservative approach, it is reasonable
assumption for this appraisel level of development and allows for flexibility in terms of
selecting earthquake magnitudes and corresponding time histories to be determined during
later phases of the project.

3. The wall will be designed to structurally perform in the elastic range under the passive earth
pressure conditions (see Assumption 2 above). For a limit state design using passive earth
pressures, no load factors will be used for strength design.

4. Several different soil types will be considered for conceptual-level and final design; however,
for this level of study a internal friction angle of 30 degrees will be assumed with no cohesion
will be assumed.

5. Wall friction will conservatively be neglected for this level of design.

6. A phreatic water surface five feet above the top of the footing will be assumed to address the
possibility of performing a saturated backfill scenario.

7. The moist unit weight of the backfill will be 120 pcf and the saturated unit weight will be 130
pcf. -

8. Incorporate precast panels lined with neoprene sheets to limit side friction in the non-shaking
direction. The precast panels will allow for easier access fo the backfill for removal and
replacement to accomodate the potential for several test runs using different backfill
configurations.

9. In the shaking direction, design one side as a flexible cantilever retaining wall and the other
side as a stiffer gravity wall section for the purpose of limiting, to the extent possible,
boundary effects. Target a relative natural period difference of an order of magnitude. The
gravity wall could be replaced with a stiffer steel frame system during later design phases.

10. Anchor the concrete sections to the shake table using Nelson studs to simulate retaining
systems founded on rock and to eliminate instability issues associated with sliding at the
concrete steel table interface.

GravityWall_SSINTResearch_Usual_Extreme.xmcd
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Cantilever Gravity Wall Design:

Natural Period of Cantilever Gravity Wall

Use an allowable rational method in accordance with the requirements of ASCE 7, Section
9.14.5 .4 to estimate period of walls. Based on USBR Criteria for Concrete Retaining Walls.

H | 1
T, = 0.000425-(—)-?t Ty = 0.01471
t

Compare with Eq. 9.5.5.3.2-1, ACSCE 7

1
Ci=0.02 x:=075 h,:= HE h,=15

Te = Cehy' Tep = 0.15

Tcant = min(Tcl ’Tcz) Tcant =0.0147 sec

Uplift
Uplift at heel Uy = if(Hyp > 0, Hyp + d,0)  Uy=775tt
Uplift at toe U, = if(H, > 0,H, + d,0)  U;=0

GravityWall_SSINTResearch_Usual_Extreme xmcd
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Properties and Coefficients

Soil moist unit weight
Soil saturated unit weight
Concrete unit weight

Water unit weight
Slope of Backfill

Shear strength parameter
Frictional resistance

Cohesion

Active pressure coefficient
(Coulomb)

At-rest coefficient

Passive pressure coefficient
(Coulomb)

Seismic earth pressure
coefficient

Seismic Inertia Angle

Angle of sliding failure
plane

Allwable Bearing Pressure:

Ib
Qallowable = 14400 _2'

n

b
Qallowable = 2073600-—2

b
= 120—
ft2
b
g = 130 —
ft2
b
Yo = 150 —
ft2
b
Y = 62.4—
ft2
B := Odeg
$ = 30.0deg

&,\:z 24.2-deg  Sliding resistance - friction resistance - see Attachment 2

b
=0—
A
3 cos(d)’
Kai= - : 2 K,=0.33
|4 [Sin(®)sin(d — B)
cos(3)
K, = 1 - sin(¢) K,=05
, cos()”
Ky = 2 K,=3
- sin(®)-sin($ + B)
cos(3)
= 0.576 Assume the maximum kj, value for M-O design (requires
kh - seismic infertia angle be less than or equal to phi angle)
for load comparison to passive pressure design
P = atan(kh) P =29.94.-deg

0: Li 0=0d
.—atam = 0-deg

Assume 0.4*Fy for steel shake table = 0.4*36ksi

ft

The gravity wall stability analyses are computed on a seperate Excel spreadsheet.

Ib

QatlowableEQ = Qatlowable = 2073600'—2‘
ft

GravityWall_SSINTResearch_Usual_Extreme.xmcd
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Wall Forces
Wall section
t H
W, = —y-Ht Xy =L+ — Yo =d+—
2 2
W, =-146251b X, =3.25ft Vo =7.51t
Heel section t
Lh + 5 d
t t = —
Wh =Nc Lh +—|d Xp = + Lt + — Yh 2
2 2
Wh=0 Xh=4.88ft yh=0
Toe section t
Li+—
W'——A{-L+—t—-d X = _ﬂ
t- c| 5 t - ) Yt )
W;=0 X, =1.63ft yi=0
Key section
W, == oLk k T
= . . Xy = - = ———
k ¢ bk Kk ) Yk 2
Wi =0 x =0 =0

Soil Static Forces (Coulomb Theory)

Vertical Forces

W, = o Hyp Ly + —fy-(HS - Hwh)-L}1 K= Lo+ t+ £211
Ws=0 Xg = 6.51t
Wt = v Lol Ywt = B Ywt =0
W, =0 2
Surcharge Load for Construction Load Case
Wesur = —¥:(8)-Ly XsUR = Le + t + %
Wesur =0 XgsUR = 0.5t

GravityWall_SSINTResearch_Usual_Extreme.xmcd
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Horizontal Driving Forces - At-Rest Pressure

1 1
Ppioi= if[(Hwh) > 0,-2—-K0-'Y-(Hs - Hwh)z,E-Koq-(Hs + d)z] Ppi, = 1576.871b

-H d
if[Hwh>0,Hwh+d+ (8, Wh),(HS+ )}

Yp1o = 3 3 Yp1o = 10.17ft
Ppo = if[ Hyp > 0, Koy-(Hy — Hyp)-(Hon + d),0] Ppp, = 3371.251b
HWh +d
Yp2o = if Hwh>0"_T'aO Yp2o = 3.88 ft
1
Py, = if[Hwh >0, =Ko (s = Vo) (Hon + d)z,O} P, = 1015.06 Ib
Hwh +d
Yso := if| Hyp > 0,———,0 Yso = 2.58 ft
1
Py = ifl:(Hwh > 0),5 o (Hyp + d)z,o] P, = 1873.951b
Hwh +d
Ywo = if Hwh>0,——3——,0 Ywo = 2.58 ft
Psuro = Koy-S-(Hs + d) Psyro =0
H + d
YSURo = YSuRo = 7.5 ft

Horizontal Resisting Forces - At-Rest Pressure

- -1
P~ 1] 0.5 KoM+ 0 (S vl a4 ] g0

Pevos= if (Hy > 0,Pgy0,0) Ppo =0
. 1
Yspo = if{ Hye > 0, (Ly + d + Hst)-g,o Yepo =0
, -1 2
Pypo = if| Hye > o,?m{w-(Hwt +d+1L)°,0 Pypo =0
) Hy,+d+ Ly
Ywpo = if Hwt>0,————3——,0 Ywpo =0

GravityWall_SSINTResearch_Usual_Extreme xmcd
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Feature: Gravity Wall Appraisal Level Design

Horizontal Driving Forces - Active Pressure

1
Ppia = if|:(Hwh) > o,E-Kﬂ-(HS - Hwh)z,%-Ka-'y-(Hs + d)ﬂ Ppi, = 1051.251b

(H, - Hyp) (H + d)}

YDla = lf[HWh > O’Hwh +d+ R

=10.17#t
3 3 YD1a
Ppoa = if[Hyn > 0, Ky y-(H = Hyp)-(Hyp + d),0] Ppy, = 2247.51b
Hopn + d
¥YD2a = if I'Iwh >0, 2 ,0 YD2a = 3.88ft
1
P, = if[Hwh > O,E-Ka-(ws — Vo) (Hon + d)2,0:| P, =676.71b
Hwh +d
Y= if| Hyp > 0,———.0 Vea = 2.58 ft
) 1 2
Py, = if] (Hyp > 0),5-~{W-(Hwh +d)7,0 P, = 1873.951b
H,,+d
Ywa = if Hwh>0,—3-——,0 Ywa = 2.58 1t
Pgura = Kyv-S-(H; + d) construction surcharge . Pgypa=0
H,+d
YSURa = 5 YSURa = 7.5 1t

Horizontal Resisting Forces - Passive Pressure

P, = ifI:Hwt > o,le.Kp-(qs ~ ) (Li+ d + Hst)z,(_?l)-Kp-'y-(Lk +d+ Hst)z:l P, =0

Pooi= if(Hy > 0,P,,0) P, =0
. 1

Ysp = if] Hwt>0,(Lk+d+Hst)~§,0 Ysp=0
_ -1 2

P, = lfl:Hwt > 0,3—-~{W-(Hwt +d+1,) ,o} P,,=0
_ H,.+d+ Ly

Yup = 1f(Hwt >0,—————10 Yip =0

GravityWall_SSINTResearch_Usual_Extreme.xmcd
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Earthquake Forces (Mgnonobe-Okabe Method)

Kag is the active pressure coefficient for earthquake loading

2
o - 9 Kag =127
=

Kpg is the passive pressure coefficient for earthquake loading

2
= cos(d — )
" i i 2 Kpg =14
ey o1 - [HOEED)

Total Horizontal Driving Seismic Forces - Active Pressure
(USACOE, EM 1110-2-2502, PAGE 3-64)

Il

_ 1 21 2
PDIAE lfl:Hwh > o,E-KAEq-(HS ~ Hyp) ,E-KAE-'\{-(HS +d) ] Ppap = 4004 1b

PDZAE = lfI:HWh > O,KAE"{(HS - Hwh)'(HWh + d),0:| PDZAE = 85601b

Poap = ifl:Hwh > 0,%-KM-(~{s ~ V) (Hon + d)z,O:l Poap = 25771b

Dynamic Component of Driving Seismic Forces - Active Pressure

APg; = (Ppiag ~ Ppia) + (Ppoar — Ppoa)

{Kramer, Chapter 11)

APagp; = 9265.851b
2-(HS + d)

=101t
3 YAEL

YAE1 =

APppy == Pspp ~ Py,

2'(Hwh + d) 0}
3 3

AP g, = 1900.79 1b

YAR2 = if{Hwh >0, YAE2 = 5.17ft

GravityWall_SSINTResearch_Usual_Extreme.xmcd
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Total Horizontal Seismic Resistng Forces - Passive Pressure (USACOE, EM 1110-2-2502,
PAGE 3-64)

-1
Pgp = if[:Hwt > Oa—z"KPE'(“{s - “!w)'(Lk +d+ Hst)z’?'KPE"Y'(Hst + d)zil Pp=0
Pep,= if(Hy > 0,Pgp,0) Pp=0

. Lk+d+HSt
Vop = 1f(Hst >0, ——.0 Yep =0

Dynamic Component of Resisting Seismic Forces - Passive Pressure
(Kramer, Chapter 11)

APpg := Pyp — Py, APpg =0

2-(Ly +d + H
_(_k_____t),oJ yor = 0

YprE = lf[Hst > O, 3

Horizontal Driving Forces - Passive Pressure - Limit State Earthquake

1
Ppip = ifl:(Hwh) > o,z-qu.(HS - Hwh)z,%-Kp-'y-(HS + d)ﬂ Ppjp = 9461.251b

H,-H +d
Yoip = if[Hwh >0,Hyy+ d + ( ; ) , (Hs3 ) Ypip = 10.17ft
Ppop = if[ Hyp > 0, Ky (Ey = Hyyp)-(Hyp + d),0] Py, =20227.51b
H,, +d
YDop = if Hwh > 0,_——2 ,0 YD2p = 3.88ft
. 1 2
Pyyq = if| Hyy > 0,—2--Kp-('*(s ~ ) (Hon + d)°,0 P = 6090.34 1b
Hwh +d
Yspd = if | Hyp > 0,——3—-—,0 Yspd = 2.58 ft
1
Pypd = if[(HWh > 0),5~~{W-(Hwh + d)2, 0] Pypa = 1873.95 b
Hwh +d
Yapd = if| Hyp > o,——3——- ,0 Yipd = 2.58 ft
Pgurp = Kp"Y'S'(Hs + d) construction surcharge Pgypp =0
Hy+d
¥Ysurp = 5 YSURp = 751t

GravityWall_SSINTResearch_Usual_Extreme.xmcd
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Horizontal Concrete Inertial Forces (ASCE 7, Section 9.14.5)

Y= 10 compute inertial forces based on test peak of 1.0g

Whe = —kyWy,

Yhe = Yh
Whe =0 Yhe =0
Wae = kW
we b Wy Ywe = Yw
Wy = 146251b Ywe = 7.5t
Wie = —kp- W
e ke We Yee = Yt
W =0 Yte =
Wie = —kp' W,
ke kWi Yke = Yk
Wie=0 Yke=0
Horizontal Soil Inertial Forces
W, = —ky W, H
seq = —kn"WssUr Yepqi=d + —
2
W, =0
sEq Vsgq = 7.5t

Hydrodynamic Force - Westergaard's Equation

Load for free pore water conditions in silty sand and gravel backfill or free standing water.

b
Ce = 51.0-——2
ft
2 2
PRe = ;-Ce'kh-HWh yRC = '4'HWh + d
Pre =2042.121b YRe = 3.11t
2 2
PHe = ;-Ce-kh'Hwt YHe -~ '4'Hwt +d
PHC =0 YHe = 0
Uplift Forces
! 2
U = 'YW'E'(Uh - Ut)'Lb xU; = ;'Lb
U; =1571.71b xyp = 4.33 ft
1
Uz = YwUrLe Xyp = E’Lb
U2=O Xuz=3.25ft

GravityWall_SSINTResearch_Usual_Extreme.xmed
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The gravity wall stability analyses are computed on a seperate Excel spreadsheet.
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CONCRETE STRENGTH DESIGN

Conservatively use limit state passive earth pressure for appraisel-level strength design
with no load factors and include strength reduction factors

Concrete Strength Design Parameters

Concrete strength f,:= 4000—“12 Steel strength f, := 60000 —132
mn n

Load Factors LFp:=12Dead  LFy:= 1.6 Soil LF;:= 1.0 Earhtquake
(excluded for
passive case)
Strength Reduction Factors ¢, = 0.9 Bending ¢, :=0.75 Shear
Minimum Steel ratio

P = 0.0025  ACI14.3.3.b Prmin = 0.0025
Element Geometry
Footing thickness bei=d Wall thickness by =t
Key thickness by =k Unit width b:= 12in
Distance to bottom footing steel dgp, = be — 3.5in dg =-3.5-in
Distance to top footing steel dg = by — 2.5in dg =-2.5-in
Distance to steel in wall dy, == by, — 2.5in d,, = 75.5-in
Distance to steel in key dy = by — 2.5in dy =-2.5in

Wall Stem - Recompute Lateral Forces for Structural Design of Wall Stem

Horizontal Forces - At-Rest Earth Pressure for Usual Load Case

1 2 (
Ppiows = —Koy-(Hy ~ H H, — Hyp)
Dlows > Ko v ( S wh) YDlows := Hyh +
Ppiows = 1576.871b YDlows = 10.17ft
Hwh
Ppoows = Ko'Y(I'Is - Hwh)'(Hwh) YD2ows = —2—
Ppoows = 3371.251b YD2ows = 3-88 ft
1 2 H
Pyows = _'Ko'('Ys - Afw)'(Hwh) . _wh
2 Ysows = 3
Pyows = 10151b Vsows = 2.8 ft
1 2
Pyows = _'A{w'(HWh) — &l_]
2 Ywows =
3
Pyows = 1873.951b Ywows = 2.58 ft

GravityWall_SSINTResearch_Usual_Extreme xmcd
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Horizontal Forces - Active Earth Pressure for Construction Load Case

1 2
Ppiaws = — Kyv-(H, - H (H, - Hy)
Dlaws 9 Ka N (Hs wh) YDlaws = Hwh 7
PDlaWS =1051.251b YDlaws = 10.17ft
Hwh
Ppoaws = Ka"\f'(Hs - Hwh)'(Hwh) YD2aws = T
PD2aws =2247.51b YD2aws = 3.881t
1 2
Poaws = —'Ka'(“{s - '\fw)'(Hwh) — h
2 Ysaws = 3
Poaws =677 1b Vsaws = 2.58 ft
1 2 H.
Pyaws = —’ﬁ{w'(Hwh) — _Wh
2 Ywaws =
3
P .ws = 1873.951b Vwaws = 2.58 ft
PsuRaws = Kyv-S-(H) Construction Surcharge H;
YSURaws = 7
PsURraws = 0 YSURaws = 7.5 ft

Earthguake Forces - Active Pressures

Horizontal Forces - Active Earth Pressure for Extreme Load Case

Pplews = %-KAE-N-(HS - Hwh)2 Ppicws = 4004.11b Yowews = %
Ppoews = KapV-(Hy — Hyn)-(Hp) Phews = 8560.5Ib H,
YsEqews ‘= ?
Pyeys = %'KAE'(’YS ~ o) (Hyn) Py = 25771b
Horizontal Forces - Active Earth Dynamic Components
2:(1)

APAElews = (PDlews - PDlaws) + (PDZews - PDZaws) YAElews = —

3
AP g ews = 9265.85 b YAElews = 10t
2:(Hyy,

)

APAEZews = Poews — Poaws YAE2ews =

APAEZCWS = 1900.79 Ib YAEZCWS =517t

GravityWall_SSINTResearch_Usual_Extreme.xmcd
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Horizontal Forces - Limit State Earthquake - Passive Earth Pressure

1
PD]pws = EKp'Y(Hs - Hwh)2

PD1pws = 9461.25 Ib

PD2pws = Kp'\f(Hs - Hwh)'(Hwh)

Ppopws = 20227.5 b

1

E‘Kp-(“fs = Vo) (Hu)

P 2

Spws -

Pypus = 6090 1b

P 2

% Yw (Hwh)

WpWs -
Pypus = 1873.951b

PSURpws = Kpm{-s-(Hs) Construction Surcharge

Psurpws =0
Summation of Forces
ZF, Horizontal Force
Usual Load Case (At-Rest Pressures)

Fyows = Ppiows + Ppoows + Psows + Puwows

Construction Load Case (Active Pressures)

anws = PDlaws + PD2aws + Psaws + Pwa\ws + PSURaws

Seismic Load Case (Active Pressures)

Fex) = APpgiews + APpRseys + Wye + WsEq + Pre + Pye

Fex2 == Ppraws + Ppoaws + P saws T Pwaws
Fgy = Fgx + Fex
Seismic Limit State Case (Passive Pressures)

Fexisi = Wye + WsEq + Ppe + Pye

Fexis = PDlpws + PD2pws + Pspws + 1)wpws

Fexis = Fexis1 + Fexis2

(K - Hy)

YDipws = Hyp +
YDlpWS = 1017ft

Hwh

YD2pws = T

Yp2pws = 3.88ft

Hwh
Yspws = 3
Yspws = 2.58 ft
Hwh
Ywpws = _3_
Ywpws = 2.58 ft
Hy
YSURpws = 7

YSURpws = 751t

Frows = 78371b

Fraws = 5849 b

Fey = 27834 1b
Fryo = 5849 1b

Fp, = 33683.171b

FEXLSI = 16667 lb

FEXLSZ = 37653 lb
FEXLS = 54320161b

GravityWall_SSINTResearch_Usual_Extreme xmcd
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Factored Design Shear - ACI 318 & ASCE 7

Villo = LFirFyoys  (Static - At-Rest) VLo = 12539.411b
Viila:= LFyFews (Static - Active) Vyira = 93591b
V= LFpFgygq + LFFgyp (Seismic - Active) Vg = 37193 1b
ViiL = Feyst + Fearsy  (Seismic Limit State- Passive) VgL = 543201b
ViMax = max(VuLLmVuLLa»VuE’VuEL) ViuMax = 54320 1b

Wall Stem Shear Check

b
V= 2 [f—-b-d,, V, = 114601 b
in2
OV, = bV, oV, = 85951 1b
Sheargien = if(Vymax < OVp, "OKAY" ,"NG" ) Shear e, = "OKAY"

Summation of Moments

Max Flexural Moment

Usual Load Case (At-Rest Pressures)
Mows = PDlows'YDlows + PD20ws’ YD2ows t Psows'ysows + Pwows' Ywows

Mgy = 36558 1b-ft
Max Flexural Moment

Construction Load Case (Active Pressures)
Maws = Pplaws YDlaws + PD2aws YD2aws + Psaws Ysaws + Pwaws Ywaws + PSURaws' YSURaws

My = 25986 Ib-ft

Seismic Load Case (Active Pressures)

Mgyst = Ppraws'Yp1aws + Ppoaws YD2aws + Psaws Ysaws + Pwaws' Ywaws

MEws2 = APaE1ews YAE2ews T APAE2ews YAE2ews + PRe'YRe + PricYite ¥ WweYwews + WsEq YsEqews
Mpysl = 25985.961b-ft  Mpyg = 17371241b-ft Mgy = Mpye) + Mpyg = 199698 Ib-ft
Seismic Limit State Case (Passive Pressures)

MEgsiLs = Ppipws'YD1pws + PD2pws YD2pws + Pspws Yspws + Pwpws Ywpws

MEuwsots = Pre'YRe + Phe'YHe + Wive' Ywews T WsEq YsEqews

MEWS]LS = 195145 lbft MEWSZLS = 1160181bft MEWSLS = MEWS] LS + MEWSZLS = 311163 lbft

GravityWall_SSINTResearch_Usual_Extreme xmcd
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Factored Design Moment - ACI 318 & ASCE 7

MuLI_o = LFH'MOWS (Statlc - At-ReSt)

M,1La = LFg-Mays (StatIC - ACtive)
Mg = LFy-Mgys1 + LFg Mgy (Seismic - Active)
Myers = MEgsrs (Seismic Limit State- Passive)

MuMaxws = maX(MuLLo »MuLLa, MyE, MuELS)

MuMast

ky:

=1-|1-

0.425-0 £, bed, 2
0.85-fkyb-d,,

SWS
f}’

Agmin = Pmin-b-dw

Agminatt = Agws'1.333  (ACI 318, Section 10.5.3)

#10 @ 12" Each Face Vertical Bars A, = 1.27 in.2

M, L, = 58493 Ib-ft
My, = 41578 Ib-ft
Mg = 215290 Ib-ft
Myprs = 311163 Ib-ft

M yMaxws = 311163 Ib-ft

k, = 0.02

Aqys = 0.92-in°

Ay = 2.26-in”

.2
Asminalt =1.23-in

Conservatively use the same reinforcement on inside face of wall.

Temperature and Shrinkage Steel - USACE EM 1110 -2-2104

.0028-b-b
- Ay = 13Lin°

Ay = 5

#10 @ 12" Each Face A_ =1.27 in.2

GravityWall_SSINTResearch_Usual_Extreme.xmcd
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Summary of Thickness and Reinforcement Requirements

Usual, Construction and Extreme Load Combinations

Temperature and Shrink
Reinforcement

Wall Stem - Qutside #10 @ 12" Vertical #7 @ 12" Horizontal 3'-0" - Top of Wall

Primary Reinforcement Thickness
Wall Stem - Inside #10 @ 12" Vertical #7 @ 12" Horizontal 10-0" - Bot of Wall
Footing - Bottom N/A - Gravity Wall #N/A - Gravity Wall N/A - Gravity Wall

Footing - Top N/A - Gravity Wall #N/A - Gravity Wall N/A - Gravity Wall

Determine Welded Stud Requirements for At-Rest Conditions

Resistg,q0 = 10600-1b  Required shear anchorage - at-rest earth pressure - Includes FS = 2.0 -
See attached stability analysis

Studyc,p := 21137-1b  Shear capacity of 7/8" diameter S3L Nelson Stud - see attached

Resistg,q0
NOStud = —— Number of studs required per foot length of wall
Stuchap
Nogud = 0.5 Say 1 stud required per foot length of wall for shear

Determine Welded Stud Requirements for Passive Limit State Conditions

Resisty, qp := 34400-Ib  Required shear anchorage - passive earth pressure - Includes FS = 1.0
See attached stability analysis

émm:z 21137-1b  Shear capacity of 7/8" diameter S3L Nelson Stud - see attached
ReSiStstudp
NoSﬁud = ——— Number of studs required per foot length of wall
StudvCap
Nogjuq = 1.63 Say 2 stud required per foot length of wall for shear

GravityWall_SSINTResearch_Usual_Extreme xmcd
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Determine Welded Stud Requirements for Tension During Shaking

Seismic Limit State - Passive

CheelfaceP = 107.2--—5 Uplift pressure at heel - see attached stability analysis
n

Liens := 4.63-ft Base length in tension - see attached stability analysis

OheelfaceP .
——CEZE Tavgheelp = 7718.4 1b-ft 2

GavgheelP =
PenseL = 0'avgheelP‘I—‘tens' 1-ft PienseL = 35736 1b
Studpcap = 0.6:23100-1b Tensile capacity of 7/8" diameter S3L Nelson Stud - 0.6Fy - see attached

Studpegp = 13860 Ib

PrenseL .

Nopgg:= — Number of studs required per foot length of wall
Smchap

Nopgiug = 2.58 Say 2 studs required per foot length of wall for tensioin

NoOgudTot = NOstug + Nopsug

Nogydtor = 4-21 Say 5 studs required per foot length of wall - Assume 2' x 2' Footing Grid Pattern

GravityWall_SSINTResearch_Usual_Extreme xmed
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Compute Gravity Wall Stiffness

2
i | 1b
E.:= 57000 c._lﬂ_._b E_ = 3604996.53-—
b .2 2

m in

1. .3
I:= —bL
12 "

I= 474552-in4

15-E_ 1
Kgrav = c Cantilver beam with triangular shaped distributed load - Ref. AISC, Table 3-23, Case 18

I
Kgray = 4400099-_—b

n

Compute Relative Stiffness Ratio

Keant = 575790-& From cantilever wall design
n

Ky
Kcant

Kielative ©= Kielative = 7.64 Almost one order of magnitude stiffer - say OKAY

GravityWall_SSINTResearch_Usual _Extreme.xmcd
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By: Steve Dominic

7:6:2009
Checkel By:

SSINT - FULL-SCALE SHAKE TABLE TEST
STATIC STABILITY OF GRAVITY WALL SECTION

EXTREME CASE
T.0. GRAVITY WALLEL:  15.0 T.O. WATEREL:  7.75
GRAVITY WALL BASE EL: 0.0 T.O. SOIL EL: 15.0
TAILWATER EL: 0.0
DAM HEIGHT: 150  feet U/SFACESLOPE: 000 H:IV
DRAINLINE: 100  feet D/SFACESLOPE: 047 H:1V
CREST WIDTH: 3.00 feet CONC. UNIT WGT.: 150 pef
CHIMNEY HEIGHT: 0.0 feet . TAN PHI: 045
BASE WIDTH:  10.0  feet SOIL UNIT WGT.: 120 pef (Moist)
SOIL UNIT WGT.: 130 pef(Sat)
Ko: 0.5 at-rest coeff
Kp: 30  passive coeff
LOADS AND MOMENTS: ky: 1.0 g (peak test g)
APPLIED FORCE ARM LOCATION ARM MOMENT
LOAD (heel @ 0,0} DIST. (kip-ft)_
(kips) X Y (feet)
\A 6.8 1.50 3.50 24
V, 7.9 5.33 0.33 -3
Vw 0.0 10.00 -5.00 0
Vig 6.8 7.50 -7.50 -51
\ 7.9 5.00 -5.00 -39
P 1.6 10.17 -10.17 -16
P 3.6 3.88 -3.88 -14
Pspo 1.0 2.58 -2.58 -3
Pw 19 2.58 -2.58 -5
Poip 9.5 10.17 -10.17 -96
Py 21.6 3.88 -3.88 -84
Pspd 6.1 2.58 -2.58 -16
Pw 1.9 2.58 -2.58 -5
Pre 0.9 4.75 4.75 -4 (From retaining wall analysis)
UPLIFT:
Uplift Pressure @ Heel: ~ 0.48  ksf = 34  psi
Uplift Pressure @ Toe:  0.00  ksf = 0.0 psi
Uplift Pressure @ Drain: ~ 0.00  ksf = 0.0  psi
Uplift Force on Dam: 24 kips
BASE PRESSURES (At-Rest):
% Moments (fi.-kips): -16 Base Area: 10.0 sq. fi.
3. Vertical Loads (kips): 15 Length, 1: 10.0 feet
Eccentricity, e (ft.): -1.13
Applied Net
Loads
Stress @ w's Face (psi):  3.30 -0.06
Stress (@ d/s Face (psi):  17.01 17.01
Stress @ Drains (psi): 0.00 0.00
Tension on the upstream face.
Length in tension (ft.): 0.04 (Very small - Okay)
Length in compression (ft.): 9.96
SLIDING FACTOR OF SAFETY:
Sliding FOS: 0.68
Required Table Ancor Force (kips): 10.6  forF.S. 2.0
BASE PRESSURES (Passive -Limit State):
% Moments (fi.-kips): -274 Base Area: 10.0 sq. ft.
I Vertical Loads (kips): 15 Length, 1: 10.0 feet
Eccentricity, e (ft.): -18.71
Applied Net
Loads
Stress @ w's Face (psi): -103.84  -107.20
Stress @ d/s Face (psi):  124.15 124.15
Stress (@ Drains (psi):  0.00 0.00
Tension on the upstream face.
Length in tension (ft.): 4.63
Length in compression {ft.): 537
SLIDING FACTOR OF SAFETY:
Sliding FOS:  0.14
Required Table Ancor Force (kips): 344  for F.S. 1.0

Gravity Stability. XLS
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BUREAU OF RECLAMATION ESTIMATE WORKSHEET SHEET _1_OF _2_
FEATURE: PROJECT: ,
Soll Structure Interaction - Phase 1, CA
Full Scale Retaining Wall
- Dynamic Shake Table Test WOID: SSINT ESTIMATE LEVEL: Appraisal
REGION: TSC UNIT PRICE LEVEL: Apr - 09
FILE: U:\0001 ESTIMATES\Soll Structure Interaction{SSI R h Project -Appralsal Esti
June 2009.xis]SS! Shake Table - 2 of 2
£ E, .
3 § S DESCRIPTION CODE QUANTITY uNIT UNIT PRICE AMOUNT
a
Civil items
1 |Mobilization 1 LS See Sheet 2 of 2
2|Structural Concrete 130 CcY $1,120.00 $145,600.00
3|Reinforcement 15,000 LBS $2.00 $30,000.00
4|PVC Waterstop - 9 inch - Center Bulb Type 21 LF $18.00 $378.00
5] Expansion Joint Filler - 3/8" Thick - Fiber 320 SF $4.00 $1,280.00
6|Expansive Waterstop 182 LF $7.50 $1,365.00
7| Construction Joint Preparation - Cant. Wall 60 SF $5.00 $300.00
8| Precast Concrete Panels - 15" Thick - 10' Wide x 15' Tall 8| EACH $10,500.00 $84,000.00
9]Structural Steel - W16x40 6,000 LBS $4.50 $27,000.00
10jFillet Weld - 5/16" 50 LF Included in ltem 9
11}Neoprene Sheeting - 3/4" Thick 1,100 SF $28.00 $30,800.00
12|Place Backfill - Type | - 1' Lifts 350 cY $375.00 $131,250.00
13| Special Compaction Type | - 7' Adjacent to Walls 4,400 SF $3.60 $15,840.00
14|Excavate Backfill - Type | 350 cY $76.00 $26,600.00
15|Place Backfill - Type Il - 1' Lifts 350 cY $255.00 $89,250.00
16| Special Compaction Type |l - 7* Adjacent to Walls 4,400 SF $3.60 $15,840.00
17{Excavate Backfill - Type Il 350 cYy $76.00 $26,600.00
18{Place Backfill - Type lll - 1° Lifts 350 cY $305.00 $106,750.00
19}Special Compaction Type Ill - 7’ Adjacent to Walls 4,400 SF $3.60 $15,840.00
20| Excavate Backfill - Type lll 350 cY $76.00 $26,600.00
21{Concrete Demolition 130 cY $132.00 $17,160.00
22| Table interface Plate and Connections: 22,700 LBS $7.25 $164,575.00
A. Table Interface Plate 15,300 LBS Included Above
B. Threaded Rods for Interface Plates 1,400 LBS Included Above
C. Bearing Plates for Threaded Rods 5,800 LBS Included Above
D. Nelson 7/8" Dia Welded Studs 200 LBS Included Above
23|Instrument Frames HSS 8x8x5/16 Gr. 46 (7 Total Frames) 18,000 LBS $6.75 $121,500.00
24]Removals - Demobilization - Site Cleanup 1 LS $64,000.00 $64,000.00
SUBTOTAL CIVIL ITEMS $1,142,528.00
Instrumentation tems
25|Strain Gages 320 | EACH $180.00 $57,600.00
26| Displacement Transducer 86| EACH $2,000.00 $132,000.00
27]{Accelerometers 228 | EACH $900.00 $205,200.00
28| Shape-tape 80 LF $280.00 $25,200.00
29{Tactical Pressure Sensors (4' x 4' Grid) 32§ EACH $1,940.00 $62,080.00
SUBTOTAL INSTRUMENTATION ITEMS $482,080.00
QUANTITIES PRICES
WBY cHECKEW:; [ey M/ CHECKED ,
Steve Dominic 9/25/ 200? T. Hanke //;ﬂ fOYSREE | [7 ‘o, 09
DATE PREPARED PEER REVIEW/ DATE DATE PREPARED PEEk / 6AT
May 17,2009 - I June 16, 2009 Xf‘& (47/[, / 124
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BUREAU OF RECLAMATION

ESTIMATE WORKSHEET

SHEET _2_OF _2_

FEATURE:

Fuli Scale Retaining Wall

PROJECT:

Soll Structure Interaction - Phase 1, CA

- Dynamic Shake Table Test WOID: SSINT |ESTIMATE LEVEL: Appraisal
REGION: TSC UNIT PRICE LEVEL: Apr - 09
{FILE: UA0001 ESTIMATES\So Structure interaction\SS| Research Project -Appraisal Estimate -
June 2009.xds]SS! Shake Table - 2 of 2
3 i
3 g '; DESCRIPTION CODE QUANTITY UNIT UNIT PRICE AMOUNT
0.
Engineer Labor During 'T'esting
30| Estimate 2 Fuli-time Engineers for ~ 6 Months Days $1,390.00 $305,800.00
SUBTOTAL ENGINEER LABOR ITEMS $305,800.00
Summary :-
Subtotals:-
- Civil Hems $1,142,528.00
- Instrumentation tems $482,080.00
- Engineer Labor $305,800.00
Subtotal 1 $1,930,408.00]
Mobilization 5% +- $100,000.00]
Subtotal 1 with Mobilization $2,030,408.00
Design Contingencies 15% +- $304,561 .OOI
Subtotal 2 = Subtotal 1+ Design Contingencies $2,334,969.00}
Allowance for Procurement Strategies (APS) 5% +- $1 16.749.00|
Type of solicitation assumed is: 8a RFP Negotiated
Subtotal 3 = Subtotal 2 + APS $2,451 ,718.00}
CONTRACT COST $2,500,000.00
Construction Contingencies 15% +/- $300,000.00
FIELD COST $2,800,000.00§
Ref.: For appropriate use and terminology, see Reclamation Manual, Directives and Standards FAC; 09-01, 09-02 and 09-03.
QUANTITIES PRICES
BY CHECKED 1&/ CHECKED /
Steve Dominic #7 ?/ 2-3/ T. Hanke % (A//a‘ A b [( o l 09
DATE PREPARED PEER REVIEW / DATE DATE PREPARED PEER 6% DATE
May 17,2009 - June 16, 2009 ?:S{ & //G / N
-3



7-1654 (11-94)

COMPUTATION SHEET
Bureau of Reclamation
BY DATE PROJECT SHEET 7/ OF _}I
Slap) 05’//9/09 ol - Struc uve. Tdevectiow
. CHKD BY DATE FEATURE
DETAILS -
Loll-Scale Ketuiving  Wall Seke Tobk Test

Quanhi 3y Caleulations

Py Them

1 - Mebilizeton

Zamp 5um T—‘eM

p«-y Them 2= Structuvel Gnerede

d R?“O;M: ) \JQH

Avuﬂ\ — Aﬁe-\' =

a—
—

'
/25 /+ 2.75
-

] / /
X /225 /3.5 x2775

z*l.S’R'? + 37./25 F£©

= 4,625 F4 %
Lewgt s\, = 25 - 075075 "— 125025
= 21
Va)' - VRe\ = AR&+X Lﬂe"' ’
= 41625 ft? x Z|
= /294 />

—

> Gven ty Ukl

A’V‘ec,..—9A

3";\\/ =

48 c.y. say 50c.y.

! I3
g 40
= x5’

= 97.5 F4+ %

Lenj tHy —> Lgm/ = Z\

Vo ). —> V‘va

- 7;"‘&-[ 5"7\&:" Concv‘t."’t

Vi_o{,:v,qe" f’%ﬂ‘\/: 50 (-Y+QO C4Y-:/50 C'Y-

= Aamv XLf,mv
= 97.5R° x z1’
2048 f°

=758 cy. 39480 c.y.
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7-1654 (11-94) COMPUTATION SHEET

Bureau of Reclamation

BY DATE PROJECT SHEET =2 OF J[
ST 05/13/6% Sel-studuve. Trdevaction
CHKD BY DATE FEATURE
DETAILS
Rl Sele fodaining Wlell ke Thke Tost

Pa:y T4+em 7 — kff'ﬂgrcemen"'

—> Fodking Boltow Fee — 7 7@ /2"
Ly =3¢") = 72"-2" = /58"= 1307 per FE. of &ohnj
w#7 = 3,400 /bs/FH

= /3./7° X34 hs JFL

- "Zoh'\B Top Fce  -#we/z "

Wppe

_ }
Kerp= Bpgp = /3.27
Wy, = %303 Ibs IFE
Weere = /3./7 X 4.303 Yos /R
=57 Mbs  per Ft o Fooki

"
> Verfical Muwels — Hloerz”

L, =77"+3"= 3"+ 22" (keek)

=377
=/0. 92,
Wy = 4. 303 Ibs At

W) =70, 927k Zdouels x4.363 IbsHE
=74%7%s
o Verk Bars = #/0 12" Eich Fce
Koers =Q5:0'Q-(chi”‘) -

= /80"~ 33"-27
= rys”

=/2.083%"
Wty = ¥-303 Ibs S
Wyerd = /2.083 X 2verds X % 303 s /T

=lo4 ls
- 7Zm,> Z Shmiqg&. 7 e EwW, EF

('JTZ‘S"'E‘ X | Xz2.044 /Zuh/‘/' = /
= /0% Jbs per . cfuel a)m = Z.o%4 Jbs /P (o)~
/4
Wit = Whgr P+t \ 77 g/oic )-¢"XZFces +U2-3") =3"% 2 Face
Wit + g s

zS’o'
Ys +51+ 7¢ +sY +/09 - _
Yoy s per P& /{/ —59—-{—"‘50 +1 = 5/ bars -5~

won



7-1654 (11-94) COMPUTATION SHEET

Bureau of Reclamation

BY DATE PROJECT SHEET 3 OF il _
b o579/ Sorl- Structuve. Titeration
CHKD BY DATE FEATURE
DETAILS
Fll-scole Redeining Well Shake Topk Est

jﬁxfz Ttem 3 - )Qt;h‘Fc)rU:MPn')' (cou4.)

—2 BHfom ‘Yace, - #_/0(—_" /2 g

4,: :Qo/-o N 2'-2"
="
= 9.8 =547
Wiy = 4. 303 bs -
Woe = 7. 68754 303 Ibs/Ft

=Y¥2 lbs

‘%Te,p Aca /67_—:(3/‘"09‘2,”-Z’/
#100)2" =32,
= 2.667

WTF= 2_667')(4.303 Ibs /1
=l2)bs
= Yevd 7Twe_. #—/orv!/z" '
Ly =5i0 2 -3"
=/75" )
=/¢ 583
Wyp=y, 583 ‘XK 303 Ihs/H

=¢£3 lbs

P olowd ke @00 g o [yEr ) -3
= /93.4"
=8.7¢'
Wi T y35 xS0 b /L
=69 lbs
= Teme Z S\ﬁn)&@e"‘ #= 7 e
/zfth—c/’
[(J#7 = Z__O’;"/ /.éﬁ/?l‘:i
L,,=(7¢7"+ 2.667 '+ 14.563 4 /6./4 ’)
=43,/ (
M7 —'_f/__sa—- t2 = f/’i_. +2
=45 bars
Wice = #5 X/ x 2.04Y
=92 lbs per Fb. oF wall
Vb oy = Ugpt et Mpt st Yess
= Y2+/2 fL3 +87 92,
=278 |hs
Weirt =Wt et # Wit gaay ) XL

= (4ot s/t + 278 bt ) X zi’

\I:'Ef;;“—t i"*, ?sZL !b’(
Add 59,z /.05x14,322 = /5038

sy I5; 060 ‘1bs




7-1654 (11-94) COMPUTATION SHEET

Bureau of Reclamation

BY DATE PROJECT SHEET < OF _J|
S3D 05//9/0‘7 Sa,/- Structuve. I-;)PM(#OM
CHKD BY DATE FEATURE
DETAILS
Fu//- 5¢a/;7&7l‘q;n:hq WQ’I 5‘take 7:Lle. 7;5+

fay Thepm 4 - 9” PVe kk‘krS‘)bP

—> Alovt3 Y:‘\‘G‘m'm3 wall < T

A =2

cx

ZEM = Zl,
PC\y Tlem g - E;(panﬁ'oq j;‘.n')' E“EY‘

> Bedween preastpavcle and redaing na walls
Gravty wall section = Agay™ TEKIS x2sdes = /15 5F
Cont Wall =S Amw.\f-,lz_zjﬁéwlx/z_z; + 2.15'x13-5'] x2sides = /23
o Tl =275 +123 = 3/ 5F say 320¢F
Pay Trew 6 — Lxpunsive W@k’b‘}op - R

= Along, vextcal expansion \SG‘lV\'\’S— and avound per)meter
imdevioce behoeey shake Yeble amd  concrebe/precest panels

Lperim = 21 X 25ides + 4o'x Zside
= /22
Ayert = 60’
Aipy = /22 + 60’
=/82
L = 182"

PQJI-}{M 7- T3 Tond P"'—IL)

> (T length = 21
Thowdth = 21"
T Ara= 21' X 2.7'5’
= 5775 4%
say &0 S'F

Sy Them &— Frecst Puels - 18" +Hhick —r0'x/5 "

L

[From kojoudt~ 8 %*dwczqiv‘ec(

c-1



COMPUTATION SHEET

7-1654 (11-94)

Bureau of Reclamation

BY DATE PROJECT SHEET _SOF H
sTD o5hiloq <o) -Stutwe.  TakerecHon

CHKD BY DATE FEATURE

DETAILS
Fall-scale  fGtuining Wall Shake Tl Test
Py Them, I — wlhX#0 Stecl Frame Supperts For Pecact Buels

aj/éx‘/a = %0 /Aﬁ/ s
A= /5% /0
= /50/
Wy = 4o lbs/FEX /50
= g,000 Jhs

Ly Them 10— e Ellet Weld 5

Asswme, 5//5“ a[/ arm«nc«,’ per}me#er ofF W/EX40
CL'(‘ QOMMCC‘IL}O’\ 7"5 “QLL 7‘&&’&,
Ret. Alsc., /Zpen‘m = /3% X2 sides 4— 77X % sides

T“‘J’/‘: - /tweb“"r” tb} /L(ans vy
= 55.25 in gs_‘z ’) .

,éh} = 55.2% ., )(/&connecyvns
=552.8"
= Y6 Ft say 50 Pt

ﬂay Tlem / — A/eojﬂre;,e_ Slae}fn;[ - %” Tk

~> ) ine back B 0~[oh3 mwsqu!uj J'}Veg\"tov\
,(LMUI_//:@@,"-oQ — 3
= 3¢

)
Pane b)) =15 o,
= 3¢ X/5 X ZS{CAP}

= /og&o <t

say /700 sF

liver




7-1654 (11-94) COMPUTATION SHEET

Bureau of Reclamation

BY DATE PROJECT SHEET £ OF
Sy o5 /03/09 Set |- Struchue. TideracHon
. CHKD BY DATE FEATURE
DETAILS
Fall - s oo fodeining Wall Sheke Toble Test

P«y I*em /Zl /57/8 - PAC& 7:§7L puh &,cé)c/‘/,
—7/465(4ne, 5Mcj/ m//er‘ - e)(cc/mL a-q,‘/‘gcen“,‘ 1[0 UQJ[_S - / {//A%
Lopue po%0") = (30") -~ (2 o") (/té”) @%9]

1
qu)—‘ 3 A‘a t S:?’\). AV3 .
toe= &]f)e Gvav.

=21.5 D5 wellt”
/Cmn =2
h=/5 !
v, = 27.5xz1 ' x5 !
= §€62,5 H}
= 32} <.
Add 1% mmchrm hetor =y 1/X321 =353y
. SaY 350 .y, per Yes) cycle_

ﬂty Thems 13,0 19 — 5peui/ Compqqlr'arl

> wihin 7’ oF wal) every [+
/%39(5 = /5 (/'//'#s)

L/
Avea= /5 X THeed X 2./ feed X 2 sides
=4Y44l0 s+

5“}’ 4, L"OO 5‘,;

oy Thems_ 14,1%,20 = Excavdion oF Bk fil] per Fst Ron

per puy Bems /2,15 £)8 vol = 3570 .

/Oa\y I“ﬁm -2 — COMU«‘Q;C/ Ae}«a)l’,"‘c“’]
vol = /30c.y. (see Ry Them a)

‘ /oay Tlew, 24— Jewebilizadion Z Sike. C&HWP

Lump sum item



7-1654 (11-94) COMPUTATION SHEET

Bureau of Reclamation

BY DATE PROJECT SHEET "7 OF /I _
s3b ‘75///‘7/“( Sey 1= Shruchure. Tode m,c:L;Dv\
CHKD BY DATE FEATURE
DETAILS
Fll- Sale &-’qiuir\; %/) Sheke Zble Teo

Ry Theva 22D - Welded studs

— Per‘ cq)cu\w‘“ons ve (,(‘,re' Z!KZ—, 37“.& PGCHQ!VI’I
- ‘V&” i 5“’“4(5 x8Yk" /onj

At = 25807

Tt studs = 7/ +53
=,2Y s fud s
say /24'
e = 3.5 say Y boxes
3554.4%0)’
Wu\gh‘}‘ﬁer box = 5O/b5 x4qd = 2e0 ,bé

C-10
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Bureau of Reclamation

BY DATE PROJ CcT SHEET 8 OF _J[
b oi’ﬁa/"? So - Shructure 'I.“efdf;'}‘lom
CHKD BY DATE FEATURE
= Well Shake Tdle Tost
w4 T S

Ry Them z4 L e
' ~er2
—> Shain  Gages : st \D\l ’Ytie“& A

Acsume. € ines pex wall  ad

, 5[704.\:»\3 gionj ‘4'&33 ht
at e oF 507

‘ Alse assume a replace
per test cyele

56},;: 794 say /50 strain gages

" La}(f?

P‘Y Ttewm 25 ‘ aﬁ'\v\ﬁ)‘w

V’)

2 T

- bt&f[@‘f"eu'\' V&MSclu_czvs

- ASj\W\e_ € lines pev wall W/ 2 honsduceys fer line__
one at baze of Jooh ove o} bace of stem,
Ohe a“’ "'OP o‘P

—>Assume 5 o
alonjé lwe 5

t

s,[?ac‘\wj on "DP OP chéR ]\

= 53{3&5 ter line X €lnes
4 DTy exreved Yo BN . ascume 07 rep kce mewt mie

VT, ., = 3¢ 130=¢66 sy 70 Jisplacement trnsducers,

c-|
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Bureau of Reclamation

BY DATE PROJECT SHEET 4 OF j|
sTh D{'/Zo/o? Y I—S')TuA—ﬂke mem""\oy]
CHKD BY DATE FEATURE
DETAILS
Fill-Scade. o Juining W)l Shke Thle Tesi

Pay Tlem 76 — Accelerameter 5 rpf\‘f) |
il by
—> Assume ot same betdon as b"; /,fﬂ z,v\ltf(wv;:;’ \

/ a’ti
> Povide. «ddibionc) acederometers Hrvonglécd  backP |
- gm‘wﬁ cleP‘H\ — assume J00% ye; rcerment rte

ACL= 70 (same s BT B X Clives X ok s X0 R
,l": <
= 70 +5Y /

=/24 Say /25 aé{e)eromths

;!‘r‘
/éy Temi 27— Shkpe A cce e edvon Avray (,?AA) w/ #fax]q) NEM_5=> Micve = Elechro —
: . ’ ’  Meckawral Spstem:

7
See a‘“\&z\al

~—~>E13qm3 &Mﬂjcj‘l‘ 3 Sgnrslgvﬁl‘LPeS fPer woJ\ mﬂasaﬁ»\j
at /, ,'Mvewn%s «)D/@ uk:“ L\elak'x‘
= Use 3 shA, /,%é;im\\—
SAN wsing MEMS sy € dode] X /5 per army desee ek
. reterence.
=90/ A SAA*xpe

/
Py Them 28 — Zikical Frsoure. Sensops (TPS) mede| 5315 /55 /5"
v,

Usé//tmp <pm Qﬁﬁl‘Ma"f’. P}’om‘olea‘ Ly /L"(quq‘ —see a"kc\wot
/ Ls=H 40000

—)Esﬁ”‘a}e_ P Arv.gui\'t'ncu‘)' ‘}:Of "‘154\:"&-}?” a‘F )"SJ‘INML Luery 2! alauj
)nsﬁuwu*q#oq v(y-l?m} ives . per T, assunre yA Jay ')[;r eath '&e‘}\'on X 12 location (5 Pexk’&@
= € days per Z. = o knkf(‘” — probably Yoo conservative. —> 3 Jays per R
Assume  Hut  wate will ke bCH’en — Z days per NS )an«Jinj tuetru mev e ot

e

based on economies rrs:aJQ,
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Bureau of Reclamation

BY DATE PROJECT SHEET /0 OF 42
53D 04/05/0? So' )= Shrvet e -.Lm\erac-\‘-’ron

CHKD BY DATE FEATURE

DETAILS

Full- 5cale &Hm‘mq Well = Shake Toble Teod

By Tiem 2ZA = Thle Toderhce Plate
A3b -—Vz“ Hick plate
‘?Assuvnc <o¢cva.<§e u¥ evr”ve, -}n‘y[&

!

/
W, = 25x40'x o x a0 pF = /5,573 lbs

Say /5] 300 lbs

P&;/ Tew_22B— Threaded Rods for Tilerkce Pldes

Gr. 75 - 27 D‘:q,/ Length= 6740 =
M. Ryt = #0'xes'= 4000 <F
Tie—down grids  2'x2”= 4sF
N, &/Jz/OTw_:zsb e -clowns

. n/ w2
Wey =%, x WED™ | 490 pof
4 ey
= 5.57 lbs each

Veiy, 25510250 a0z sey L8 (b

.Ipaud ﬂtm 22— Ba“hhg P[q"'es ‘Er Threaded EQA&

Plte = ["Kﬁ")(q" A36 steel
b= 4K X Yy x 470 peF
2297 s per 9la¥t

Wp = 2s0x 2247
ot
= 5,77&.. Say 5! 800 lbs
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Bureau of Reclamation

BY DATE PROJECT SHEET // OF J] _
s3d oe/as*/oﬁ
CHKD BY DATE FEATURE
DETAILS
[l Scale Kedeining Well Shake Zable Te=s-

Dem 23— TIastrument [rame 2 wieForm load o

-Assuwe. Siwmple Momert ‘Pm-me o\esfi‘ueo\ -E:v Z O\bﬁ/“;\' -rcr \lws\—ﬁkmmhx-}bn
mounds and bunded ddde wives

—_ |
VI VR 7 R S A2 — Fal} Penetration
w\\ps/& Groove \’Q\J
) N5 <, -
Base fL
”” ll/ : “)/ Mel—\\sxh\\(q\
I T 25 -ckake 2 A7 Awchor (Temp. Concdtuckion)
Jable ;
Pl
407 =

. - Sl ﬁruéwd #\L.Le— -
o= -ow‘g%/__o'x.!}) _ 574 k-ip

S

3

S= 576k _  zpan3 HS8xBX .77y
veq 0.6 Hokei < = zZ¥.9 /0.7 > 209
ook

Use H55 @xsxhs for beams & ¢dumns

Wy = [2x20" + 40" ] x 32 oy

= 2,5¢0lbs excy
/{*6, ,ée.?:,l = 5—'¢Eove ‘F)” + L@ JrOPDF‘ WQHS

=7
wd%fd: 2,%0 X7 = /7, 720 Soy /g,w /é

5SS
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Soil-Structure Interaction
Instrumentation Cost Estimate

Strain Gages
Displacement Transducers
Accelerometers
Shape Tape
Tactile Pressure Transducers
Cost
25% Contingency

TOTAL Estimate

$ 40,933.33
$ 95,610.00
$ 148,380.00
$ 18,087.00
$ 44,593.33

$ 347,603.67
$ 86,900.92

$434,504.58

5



Soil-Structure Interaction
Instrumentation Cost Estimate

Strain Gages

Assumptions

Each of 2 walls to have gages on 6 lines with 8 gages per line
1/3 of gage locations will require 3 gages (rosette)
1/2 of gages will requirement replacement after each test

2 walls
6 lines/wall
8 gagesl/line
33% rosettes
50% replacement rate/test
3 tests
96 gage locations
32 rosette locations
160 gages/test

80 replacments for 2nd and 3rd tests

320 total number of gages

Estimated Unit Costs

strain gages
assume 4" gages

installation

labor cost

includes
gage layout
surface preparation
gage installation
cable connection
routing to DAQ
gage protection
total installation time
supplies

Estimated Cost

First test
160 gages
4 layout
160 installation
160 supplies
Total

Second and third tests
80 gages
0 layout
80 installation
80 supplies
Total

TOTAL for three tests

$ 25.00 per gage

$ 100.00 per hour

2 hriwall
5 min/gage
5 min/gage
5 min/gage
20 min/gage
20 min/gage
55 minutes
$ 10.00 per gage

$ 4,000.00
$ 400.00
$14,666.67
$ 1,600.00
$20,666.67

$ 2,000.00
$ -
$ 7,333.33
$ 800.00
$10,133.33

$40,933.33

C~lé



Soil-Structure Interaction
Instrumentation Cost Estimate

Displacement transducers

Assumptions

Each of 2 walls to have gages on 6 lines with 3 transducers per line

Array of sensors on top of fill on a 5x6 grid
No transducers lost during test

2 walls
6 lines/wall
3 gages/line
36 wall transducers

5x6  top surface grid
30 surface transducers

Estimated Unit Costs

wall transducers
assume + 0.5" DC LVDT
fixture fabrication

wall transducer installation

labor cost

includes
gage layout
surface preparation
gage installation
cable fabrication
routing to DAQ
total installation time
supplies

surface transducers
assume laser displacement
fixture fabrication

surface transducer installation

labor cost

includes
gage layout
soil surface
gage installation
cable fabrication
routing to DAQ
total installation time
supplies

Estimated Cost

wall transducers
36 LVDTs
36 fixture fabrication
36 installation
36 supplies
Total

surface transducers
30 transducers
30 fixture fabrication
30 installation
30 supplies
Total

TOTAL for ali tests

» »

o

$
$
$
$
$

$
$
$
$
$

650.00 per LVDT
100.00 per LVDT

100.00 per hour

2 hriwall
5 min/gage
5 min/gage
15 min/gage
20 min/gage
45 minutes
10.00 per gage

2,000.00 per sensor
100.00 per sensor

100.00 per hour

4 hr
5 min/sensor
5 min/sensor
15 min/sensor
20 min/sensor
45 minutes
10.00 per gage

23,400.00
3,600.00
2,700.00

360.00

30,060.00

60,000.00
3,000.00
2,250.00

300.00

65,550.00

95,610.00
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Soil-Structure Interaction
Instr ion Cost E:

Accelerometers

Assumptions
Maximum acceleration of 1 g
Frequency range of 1 to 10 Hz

Each of 2 walls to have gages on 6 lines with 3 transducers per line

Array of accelerometers through fill
113 of accelerometers triaxiai

Assume 100% replacement of accelerometers in fill for each test

wall accelerometers

2 walls
6 lines/wall
3 gagesl/line

36 single axis wall accelerometers

33% triaxial accelerometers
12 triaxial accelerometers
48 wall accelerometers

fill accelerometers

3 levels

6 lines

3 per line
54 fill accelerometers

33% triaxial accelerometers

18 triaxial accelerometers
72 fill accelerometers

Estimated Unit Costs

accelerometers
assume PCB 393A03

instailation

labor cost

wall accelerometers
gage layout
wall mounting
installation
cable fabrication
routing to DAQ
walll installation time
supplies

fill accelerometers
gage layout
instaliation
cable fabrication
routing to DAQ
gage protection
fill installation time
supplies, fixture

Estimated Cost

First test
48 wall accelerometers
4 layout
48 wall installation
48 supplies
Total

72 fill accelerometers
3 layout
72 fill installation
72 supplies
Total

Total for first test

Second and third tests
54 fill accelerometers

3 layout
54 fill instaltation
54 supplies
Total
TOTAL for three tests

P PO

PO PP PP

500.00 per gage

100.00 per hour

2 hriwall
15 min/gage
5 min/gage
30 min/gage
20 min/gage
70 minutes
10.00 per gage

1 hrilevel
5 min/gage
30 min/gage
20 min/gage
20 min/gage
75 minutes
25.00 per gage

24,000.00
400.00
5,600.00
480.00
30,480.00

36,000.00
300.00
9,000.00
1,800.00
47,100.00

77,580.00

27,000.00
300.00
6,750.00
1,350.00
35,400.00

$ 148,380.00
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Soil-Structure Interaction
instrumentation Cost Estimate

Shape Tape

Assumptions

3 sensor tapes per wall oriented top to bottom

Sensors at 1' spacing
No transducers lost during test

2 walls

3 lines/wall

6 sensor tapes
15 gages/line
90 sensors

Estimated Unit Costs

sensor tapes
6 tapes, 15', 15 sensors/tape

installation

labor cost

includes
gage layout
gage installation
cable connection
routing to DAQ
gage protection
total installation time

supplies
Estimated Cost

First test

6 gages

2 layout

6 installation

6 supplies

Total

TOTAL for three tests

$10,000.00 per gage

$ 100.00 perhour

1 hriwall
30 min/gage
5 min/gage
30 min/gage
20 min/gage
85 minutes
$ 100.00 pergage

$60,000.00
$ 200.00
$ 850.00
$ 600.00
$61,650.00

$61,650.00



Talked to Lee Danish of Measureand on 6/11/09
506-462-9119
Recommended ShapeAcceIArray' rather than ShapeTape

Recommended SAAR line - research line
gives higher data rate for dynamic measurements

6 tapes, 16' long, 16 sensors/tape $ 145.00 per sensor
6 tapes
16 sensors/tape
$13,920.00
interface box and 8-channel RS-485 $ 3,000.00

software - free but many use other for $ 1,000.00

$18,087.00




Soil-Structure Interaction
Instrumentation Cost Estimate

Tactile Pressure Sensors

Assumptions
16 sensors per wall
Sensors on 4x4 grid
No transducers lost during test

2 walls
16 sensors/wall
32 sensors

Estimated Unit Costs

sensors
2 sensors with system
additional sensors
8 sensor system
16 sensor system

installation

labor cost

includes
gage layout
gage installation
cable connection
routing to DAQ
gage protection
total installation time

supplies
Estimated Cost

First test

32 sensors

2 layout

32 installation

32 supplies

Total

TOTAL for three tests

$ 4,995.00

$ 795.00 persensor

$ 9,765.00 per 8 sensors
$19,530.00 per 16 sensors

$ 100.00 per hour

1 hr/wall
30 min/gage
5 min/gage
30 min/gage
20 min/gage
85 minutes
$ 25.00 per gage

$39,060.00
$ 200.00
$ 4,533.33
$ 800.00
$44,593.33

$44,593.33



Soil-Structure Interaction
instrumentation Cost Estimate

Support Structure
Requirements
Support displacement transducers at each end
Support displacement transducers over top of fill
Rigid enough to remain stationary during test

Brackets for LVDTs in 3x6 grid at each wall
Brackets for laser displacement transducers in 5x6 grid over fill

Removable during test reconfiguration

c-22
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N STUD WELDING N

NELSON STUD WELDING / “heck Standard Stoek
SPECIFICATION: S3L Shear Connectors (SC) Cheek Standard Stock

Nelson headed shear connectors deliver code specified shear strength values S3L
as used in composite construction, securing concrete to steel structural H =
compaonents, Nelson shear connectors meet requirements of the following .
codes and are also USNRC approved: -

AWS D1.1 Structural Welding Code — Steel
AWS D1.6 Structural Welding Code — Stainless Steel
AWS D1.5 Bridge Welding Code /

AASHTO Standard Specification for Highway Bridges Length
ISO-13918 welding — Studs for arc stud welding
Canadian Standards Association W59 — Welded Steel Construction
International Building Code Section 19
AISC Manual of Steel Construction — Allowable Stress Design
AISC Manual of Steel Construction — Load & Resistance Factor Design

See also: ICBO Evaluation Report ER-2614 Nelson Shear Connectors

Shear connectors are typically used in composite steel construction for holding concrete slabs to steel members to resist
shear forces and increase shear loading capacity in steel buildings, bridges, columns caissons, containment liners, etc.
They also act as embedment anchors on miscellaneous embedded plates, frames, angles, strip plates, attachments and
connections. Options for Welding Through Metal Deck are available for this stud.

For similar function studs, see Nelson H4L Headed Conerete Anchors and D21 Deformed Bar Anchors.

When ordering, specify Type, Diameter, Length, Material, Quantity, and Part Number

Example: S3L 3/4 x 6-3/16™; Mild Steel; 10,000 pieces; #101098015
Stud Burn Recommended Standard Accessories
Diameter Off A H Chuck Foot Ferrule Holder | Ferrule for Flat
34" 0.187
19 mm A 0.375 1.250 500001088 502002042 501006027 100101152
718" 0.187
22mm Akt 0.375 1.375 500001091 502002042 501006028 100101140
1" 0.250
25mm Bini 0.500 1.625 500001424 502002042 501006046 100101045

* Burn Off: Burn off lengths shown are for welding to bare steel, For bum off values and other details when studs are welded
through metal deck to steel see WELD THROUGH DECK SPECIFICATION SHEET

The Nelson Ferrule Shooter is available for semi-automatic dispensing of ceramic ferrules along with standard
ferrules assembled 50 pieces per “string” for easy and fast loading onto the Ferrule Shooter dispenser. Following are
the current ferrule assemblies available:

Stud diameter Ferrule

3/4" downhand 100101260
3/4" weld through deck 100101249

718" downhand 100101261
718" weld through deck 100101262

MATERIALS: Studs are available in Low Carbon Mild Steel and 316L Stainless Steel. For specific grade information
and physical and chemical properties, conforming standards, and information on stud plating and heat treating, please
see General Material Specifications. Certified Material Test Reports (CMTR) and Certificates of Compliance (COC)
are available and must be requested at time of order.

For ferrules and grips used in welding at an angle to plate, welding to angles, and welding to a vertical base plate, see
the Special Applications section of the Ferrule Specifications.

FLUX: All Nelson concrete anchors have a solid flux load.

Visit our website www.NelsonStudWelding.com for a list of our standard stock products.

Nelson Stud Welding, Inc. PH 1-800-NEL-WELD E-mall: Nelson.Sales@NelsonStud.com
7900 West Ridge Road 1-800-635-9353
Elyria, Ohio 44035 . "ZCf

1/04



NELSON
STUD WELDING

General Information for Stud Welding Studs

Material Specifications

Nelson’s studs may be made of one of the following materials, as specified on individual specification sheets.
Certificates of chemical analysis and physical properties are available, upon request. All physical and chemical

properties are independent of stud size or shape.

Mild Steel

Standard mild steel studs manufactured by Nelson conform to ASTM A —108 specifications for 1010 through 1020 mild
steels. Physical properties and chemical composition of mild steel Nelson studs are in accordance with AWS D1.1.
Special studs can also be manufactured of other weldable mild steels. Heat treatments and plating can be applied to mild

steel studs, upon request,

Stainless Sieel

Mild Steel Chemical Composition

Element Minimum wi% Maximum wit%
c 0.08 023
Mn 0.30 0.90
P - 0.04
8 - 0.05

Standard Nelson studs manufactured of stainless steel conform to ASTM A -276 or A —493 specifications. Studs can be
manufactured from other weldable stainless steel alloys. Mechanical properties of Nelson stainless steel studs depend on
the cold working or heat treatment applied to the studs after forming. Stainless steel studs can be annealed, upon

request.
Stainless Steel Chemical Composition
302HQ (30430) 316L (31603)
Element All other studs Shear and Concrete Anchors
Minimum wt% | Maximum wt% | Minimum wt% Maximum wt%

C - 0.12 - 0.03

Cr 17.00 20.00 16.00 18.00

Ni 8.00 13.00 10.00 14.00
Mn -- 2.00 - 2.00

Cu 3.00 4.00 -- -

Mechanical Properties - Standard

Mild Steel
Mild Steel Stainless Steel
Minimum Values &‘&h:::r:?: Sg;:gr gmgd Deformed Bar S?L::Is:‘lzzsffrt:'ﬂd Studs, as formed,
Anchors X post-annealed
Anchors
Yield, 0.2% ofiset (psi), Re 51,000 49,000 70,000 50,000 30,000
Ultimate Tensile (psi), Flm 65,000 61,000 80,000 75,000 70,000
% Elongation, As, in 2" gage length 20 17 N/A 40 40
% Area Reduction N/A N/A N/A 50 50

Mechanical Properties - Metric

Mild Steel

Mild Steel Stainless Steel
Minimum Values Sch::; rzrtlad S;at:g?g:u’ﬂ!d Deformed Bar s?&%?'::ﬁ::;zl d Studs, as formed,
A aEhiorg Anchors . post-annealed
Yield, 0.2% offset (N/MM°), R, 350 340 485 345 206
Ultimate Tensile !N!MMII‘ E 450 420 552 517 483
% Elongation, A, in 5 x diameter 20 17 N/A 40 40
% Area Reduction N/A N/A N/A 50 50




NEL2ON

General Information for Stud Welding Studs
Standard Arc Welding Studs — Tensile and Torque Strengths

Mild Steel — 61,000psi Minimum Ultimate, 50,000 psi Minimum Yield

Thread META! Yield Load Ultimate Tensile Yield Torque® | Ultimate Torque | Shear Strength’
Dismister (sq. in.) (Ibs.) at 50,000 Load (lbs) at (ft-Ibs) at (ft-Ibs) at 61,000 (75% of Tensile
e 11 psi 61,000 psi 50,000 psi psi Strength)

10-24 UNC 0.0174 870 1,061 2.7 3.3 796

10-32 UNF 0.0199 1,000 1,220 3.1 3.8 815

1/4-20 UNC 0.0317 1,590 1,940 6.6 8.1 1,455
1/4-28 UNF 0.0362 1,810 2,208 7.5 9.2 1,658
5/16-18 UNC 0.0522 2,620 3,196 13.6 16.6 2,397
5/16-24 UNF 0.0579 2,895 3,532 15.1 18.4 2,649
3/8-16 INC 0.0773 3.875 4,728 24.2 29.5 3,548
3/8-24 UNF 0.0876 4,380 5,344 27.4 33.4 4,008
7/16- 14 UNC 0.1060 5315 6,484 38.7 47.2 4,863
7/16-20 UNF 0.1185 5,900 7,198 43.0 52.4 5,399
1/2-13 UNC 0.1416 7,095 8,656 59.1 721 6,492
1/2-20 UNF 0.1597 8,000 9,760 66.7 81.3 7,320
5/8-11 UNC 0.2256 11,300 13,786 117.7 143.6 10,340
5/8-18 UNF 0.2555 12,750 15,555 132.8 162.0 11,666
3/4-10 INC 0.3340 16,700 20,374 208.8 254.7 15,281
3/4-16 UNF 0.3724 18,600 22,692 2325 283.7 17,019
7/8-9 UNC 0.4612 23,100 28,182 336.9 411.0 21,137
7/8-14 UNF 0.5088 25,450 31,049 3711 452.8 23,287
1-8 UNC 0.6051 30,300 36,966 505.0 616.1 27,725
1-14 UNF 0.6791 33,900 41,358 565.0 689.3 31,019

* Torque figures based on assumption that excessive deformation of thread has not taken relationship between torque/tension out of its

proportional range.

In actual practice, stud should not be used at its yield load. A factor of safety must be applied. It is generally
recommended that studs not be used at more than 60% of yield strength, however, the factor of safety may vary up or

down according to the particular application in which the studs are being used.

The user of these studs will make this determination
Formulae used to make the above calculations are as follows:

Ultimate Tensile L=SA Ultimate Torque
Yield Z=YA Yield Torque

T=02xDxL
T=02xDxZ

A = Mean Effective Thread Area (META)
Y = Yield Stress (psi)

Z= Yield Load

T = Torque (in-1bs)

D = Nominal Thread Diameter
S = Tensile Stress (psi)
L.= Tensile Load (Ibs)

Where

1 META is used instead of root area in calculating screw lengths because of closer correlation with actual tensile strength. META
is based on mean diameter, which is the diameter of an imaginary co-axial cylinder whose surface would pass through the

thread profile approximately midway between the minor and pitch diameters.

2 Inactual practice, stud should not be used at its yield load. A factor of safety must be applied. It is generally recommended that
studs not be used at more than 60% of yield strength, however, the factor of safety may vary up or down according to the

particular application in which the studs are being used.

The user will make this safety factor determination

3 Shear values are based on Tensile Strength of the stud.




NSTUD WELDING N

General Information for Stud Welding Studs

Approximate Weight of Unthreaded Studs per 1000

(length before welding is used to determine weight)
Weights are in pounds. Ta convert to kilograms, multiply values below by 0.4536

Length Diameter
316 14 5116 It 7116 112 5/8 3/4 718
3/4 6.0 10.5 16.4 235 31.9 41.7 - - -
1 8.0 14.0 218 31.3 425 558 86.6 == s
1-1/4 10.0 17.5 273 39.1 53.1 69.5 108.3 156.0 -
1-1/2 12.0 21.0 327 47.0 63.8 83.4 129.9 187.2 | 255.0
1-3/4 14.0 24.5 38.2 54.8 74.4 97.3 151.6 2184 | 2975
2 16.0 28.0 436 626 85.0 111.2 173.2 249.6 340.0
2-1/4 18.0 316 491 70.4 95.6 125.1 184.9 280.8 382.5
2-1/2 20.0 35.0 545 78.3 106.3 139.0 216.5 312.0 425.0
2-3/4 22.0 38.5 60.0 86.1 116.9 152.9 238.2 3432 467.5
3 24.0 42.0 654 93.9 127.5 166.8 259.8 374.4 510.0
3-1/4 26.0 455 70.9 101.7 138.1 180.7 2815 4056 552.5
3-1/2 28.0 49.0 76.3 117.4 148.8 194.6 303.1 436.8 595.0
3-3/4 30.0 52.5 81.8 125.2 159.4 208.5 3248 468.0 637.5
4 32.0 56.0 87.2 125.2 170.0 2224 346.4 499.2 680.0
4-1/4 34.0 59.5 92.7 133.0 180.6 236.3 368.1 5304 722.5
4-1/2 36.0 63.0 98.1 140.9 191.3 250.2 389.7 5616 | 765.0
4-3/4 38.0 66.5 103.6 148.7 2109 264.1 411.4 592.8 807.5
& 40.0 70.0 109.0 156.5 212.5 278.0 433.0 6240 | 850.0
Each Additional Inch 8.0 14.0 21.8 313 42,5 55.6 86.6 124.8 170.0
Ferrule 3.0 3.5 4.0 5.0 6.0 7.5 9.0 27.0 37.0
Approximate Weight of Shear Connectors
(length before welding is used to determine weight)
Weights are in pounds. To convert to kilograms, multiply values below by 0.4536
S3L Shear Connector Small Shear Cartons
Description Weight Per Quantity Per Quantity Per Weight Per 1000 Net Weight of
Box, wio Box Box Pallet Piaces Pallet
3/4 x 3-3/16 60.9 130 3,510 468 1,643
314 x 3-3/8 589 120 3,240 488 1,589
3/4 x 3-7/8 60.2 110 2,970 548 1,625
3/4 x 4-3116 555 95 2,565 585 1,499
3/4 x 4-7/8 54.3 80 2,160 678 1,466
3/4 x5-3/16 56.6 80 2,160 708 1,529
3/4 x 5-3/8 56.3 75 2,025 750 1,519
3/4 x 5-7/8 56.6 70 1,890 794 1,529
3/4 x6-3/16 498 60 1,620 825 1,345
3/4 x7-3/16 519 55 1,485 946 1,403
3/4 x 8-3/16 429 40 1,080 1067 1,158
7/8 x 3-11/16 613 85 2,295 726 1,656
7/8 x 4-3/16 60.0 75 2,025 811 1,642
718 x5-3/16 58.2 60 1,620 980 1,584
7/8 x6-3/16 56.6 50 1,350 1153 1,528
718 x7-3/16 52.0 40 1,080 1320 1,426
7/8 x 8-3/16 49.9 35 945 1473 1,391

=52



Hard Neoprene a Sheet Rubber Product with Reduced Elasticity and Flexibility Page 1 of 2

Home  Philosophy  People  Products  ContactUs  HoMlS b : /j. Askan E\]l‘l'l
Aska
i i Question
Rubber-Cal Mats &

Engineered Elastomers and Wear Parts Flooring

| e = lIE—— 1 L | -

Sheet Rubber  Playground
Hard Neoprene Surfacing

AT

Recycled Custom
Products Fabrication

| R,

i Ducting. Video
com Blogs
Hard Neoprene is a blend of SBR (Styrene Butadiene Rubber), @ 800.370.9152
CR (Meopranae) and NBR (Nitrile) rubbars. This sheet product
has a durometer range of 85-75 which s considered a harder £
and denser rubber sheet. Virgin Rubber Products
It is a madarately ofl and ozone resistant rubber sheet, for use Cloth Inserted Sheet
as sealing and In general gaskel applicalions. Conveyor Belt Heavy Duty
This sheet has less elasticity and flexibility than ather rubber Carrugated Rubber
sheal goods. Hard Neoprana is a good cholcn for applicalions . EPD M B-Iend —
which require a resilient and abrasion resistant elastomer. A
Some recommended applicalions include bumper pads, hanger : Gray Sheet Rubber
seals, and industrial surface protection. Hard Neoprane is Fabricated Parts Hard Neoprene Blend
available In lineal footage and in sizes as small as {hirty-six inch == Neoprene Biend
Xl e Nitrile Blend

Pricing: All prices below are per linear feet & in USD3. Minimum order on any stocked width is 5 feet in length.

Thickness  Width Sft to 25ftto 100ft to 500ftor Itam S0
Inches Inches 241t 991t 493t more In Stock Silicone Commercial Grade
1;’ 16 g‘; :?g? ::i‘_‘; gi-;; :;—:g :95 Silicone Premium Grade
1/8 : ! i q es =
316 36 $1156 $9.63 $6.42 $5.39 Yes Silicone FoA
1/4 36 $15.41 51284 $8.56 §7.19 Yes Silicone Translucent
38 36 52310 51925 $12.83 $10.78 Yes Skirthoard
;jz 36 gg.gg gg:.Ag ;;g.sﬂ :;c:gs “t"eu Soft Neoprene Blend
4 g ; A 40 ; 08
Sponge Rubber
1 36 $61.13 $50.94 $33.98 $28.53 Yes W%QN_I_
1116 48 $5.14 $4.28 $285 $2.40 Yes ite Nitrile Blend
18 48 §10.27 $8.56 §5.71 $4.79 Yeos Recycled Rubber Products
3/16 48 N/A N/A NIA $7.19 No Elephant Bark
1/4 48 $20.55 $17.12 51142 $0.59 Yes X-Derm
3/8 48 $30.80 $2567 $17.11 $14.37 Yes 7-Gri
1/2 48 $40.75 $33.96 $22.64 $19.02 Yes £50p ~
a4 48 $60.96 $50.80 $33.87 $28.45 Yes Other Links
1 48 $81.50 §67.92 $45.28 $38.03 Yes Adhesives
Custom Fabrication
Rubber Applications
I [ - _j Ftu.(_:e'log
Price & Specs Free Samples Ca!‘alng‘t. equest
View PDF Online Form Online Form
¥ ‘-ﬁ' ?
& y -
Stocked ltem Adhesive Chemical
Ships within 24 Link to Page Resistance
Hours View POF
Description: Hard Neoprene sheet Is a black colored rubber which Is used where moderate oil,

petroleum, ozone and weathering-resistance is needed, It is very popular due to the
broad range of applications in which it may be used.
Comnound: Rland of SAR (Stviana Buladiana Rubhan, CR (Nasnrans) and NBR (Nifrile)

EFSS
http://www.rubbercal.com/Hard Neoprene.html 5/19/2009



Hard Neoprene a Sheet Rubber Product with Reduced Elasticity and Flexibility
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rubbers

Color; Black

Weight; Approximate waight per square foet: 1/8" weighs 1-1/4 |bs,

Durometer; B5-75

Temperature Range: -20 Fto 170 F

Minimum_Tensile: 725 PS8l er 5 MPA

Finigh: Smooth

Mi 300%

Gauges: 1716, 1/8", 3/16", 1/4", 3/8", 1/2", 3/4", 1" (custom gauges up to 2" thick are available
upon request)

Widths 36" (custom widths up to 78" are available upon requast)

PSA; CCT TF-1574 series pressure sensitive adhesiva

Roll Length: 251t, or 50ft. (depending on thickness).

Chemical Resistance: Excellent resistance to Hydrogen Gas, Nalural Gas, SalSea Water, Butanol
(primary), Acetic Acids (up to 20%), Ammonium Salls, Mineral Cils, Silicone Qils and
Greases, and many more. Moderate oll, petroleum-based solvents and ozone
resistance. For Neoprene's compalibility with your specific medium please consull a
Rubber-Cal representative,

Applications; Sound Studios, Construction Sites, Industrial Gasketing, Underlayment, Chemical
Resistant Applicalions, Laboratory Equipment Protection, Marine, Pet Care Flooring.

Flexibility; This hard durometer (65-75) sheet rubber offers limited pliability and low elasticity,

Cuslom G In additlon to hand fabricalion, this product can be fabricaled using laser, die, and
waler-jel cul, Please submit your drawings for a price quote

Availability: Fopular gauges are always in stock.

@ 1999-2009 Rubber-Cal All rights reserved.

Reproduction of any of the material contained herein in any format or media
wilhout the express wrillen permission of Rubber-Cal, Inc. is prohibited.
Rubber-Cal, Inc.

3012 Seuth Croddy Way, Santa Ana, CA 92704,

Tel 8003708152  714.772.3000

Fax 714-772-3088

Contactus Downloads Legal Links Site Index

http://www.rubbercal.com/Hard Neoprene.html

Page 2 of 2

New Lower Shipping Rates!

Across the Continental LS,

c-34
5/19/2009



	DSO-1002 apps B&C.pdf
	page 2
	page 3
	page 4
	page 5
	page 6
	page 7
	page 8
	page 9
	page 10
	page 11
	page 12
	page 13
	page 14
	page 15
	page 16
	page 17
	page 18
	page 19
	page 20
	page 21
	page 22
	page 23
	page 24
	page 25
	page 26
	page 27
	page 28
	page 29
	page 30
	page 31
	page 32
	page 33
	page 34
	page 35
	page 36
	page 37
	page 38
	page 39
	page 40
	page 41
	page 42
	page 43
	page 44
	page 45
	page 46
	page 47
	page 48
	page 49
	page 50
	page 51
	page 52
	page 53
	page 54
	page 55
	page 56
	page 57
	page 58
	page 59
	page 60
	page 61
	page 62
	page 63
	page 64
	page 65
	page 66
	page 67
	page 68
	page 69
	page 70
	page 71
	page 72
	page 73
	page 74
	page 75
	page 76
	page 77
	page 78
	page 79
	page 80
	page 81
	page 82




