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EXECUTIVE SUMMARY

Southeast Mlssoun experiences relatively small magnitude earthquakes on a regular
basis, and is the site of several of the largest earthquakes to strike North America in
recorded history (1811 - 1812). Experts agree that high consequence events are
anticipated in the Midwest New Madrid Seismic Zone. Experts also agree that if a very
high magnitude earthquake struck southeastern Missouri today the damage to critical
lifeline infrastructure would be catastrophic.

Because of the compelling need to reopen vehicular access routes into Sikeston, Cape
Girardeau and St. Louis following a devastating earthquake, the Missouri Department of
Transportation initiated a study of those portions of US 60 and MO 100 that have been
officially designated as emergency vehicle priority access routes.

The goals of this study were twofold. Goal one was to establish a geotechnical database
for earthquake design for areas in proximity to designated portions of US 60 and
Missouri 100 (includes counties of Butler, Stoddard, New Madrnd, Franklin and St.
Louis). Goal two was to conduct detailed earthquake assessments at two sites along
designated emergency vehicle priority access US 60.

Both goals of the research have been met. Databases have been established for current
subsurface and geotechnical data for the US 60 corridor in Butler, Stoddard and New
Madrid Counties and for the Missouri 100 corridor in Franklin and St. Louis Counties.
These databases serve as the beginning of a larger regional and statewide database for
future development and usage by the Missouri Department of Transportation. A
discussion of the databases and documentation for their use is contained in User
Instructions for Data Entry and Editing of The Database of Borehole and Geophysical
Data for Missouri Highway Structures.

Detailed earthquake site assessments were conducted for two critical US 60 roadway
bridge sites. Both the new and old bridges at the Wahite Ditch and the St. Francis River
crossings were analyzed. Liquefaction potential, slope stability, flooding potential,
abutment stability, and structure stability analysis were performed at both sites for
selected critical synthetic bedrock ground motions based on New Madrid source zone
earthquakes with 2% and 10% probabilities of exceedance in fifty years.

The site assessment studies indicate that both the Old Wahite Ditch Bridge and the Old
St. Francis River Bridge could be rendered unusable by strong ground motion with a 2%
probability of exceedance in the next fifty years. The New St. Francis River Bridge
would likely suffer severe damage in the cross frames of the superstructure for-a 2%
probability of exceedance in the next fifty years earthquake. Studies indicate that the
~ approach structures of all the study bridges would fail as a result of slope instability and

‘liguefaction. Problems could be exacerbated by the localized flooding as a result of levee
~ failure and/or darnage to the Wappapello Dam. -
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1.0 INTRODUCTION

Southeast Missouri experiences relatively small magnitude earthquakes on a reguiar basis, and is
the site of several of the largest magnitude (estimated 8.0 - 8.3) earthquake events to strike North
America in recorded history (1811 - 1812). Experts agree that similar or greater magnitude
earthquakes will strike this region again.

Geologic conditions in southeast Missouri make this region one of the most seismically suscepti-
ble in the country, based on its damage potential from intrinsically susceptible soil, high ground
water levels and vast expanses of flood sensitive ground. [f a high magnitude earthquake struck
southeast Missouri today, infrastructure in the area would be devastated. Levees and dams could
be breached. Bridges across the Mississippi and Missour rivers could collapse or be rendered
unusable. Landslides, floods, soil liquefaction, and the failure of roadway bridges and over-
passes would close extended sections of highway. The network of lifeline facilities and services
required for commerce and public health in St. Louis, Sikeston, Cape Girardeau and surrounding
communities would be devastated. Utilities, including electrical power, communications, oil and
gas distribution, sewage disposal and water distribution, would be disabled until emergency re-
pair crews were able to access these communities. Southeast Missouri would be effectively cut-
off from the rest of the world and individual towns and communities isolated.

In the event of a major earthquake, the reopening of emergency vehicle priority access routes
into St. Louis, Sikeston and Cape Girardeau would be a top priority. To facilitate the rapid, cost-
effective reopening of roadways and expedite the transport of aid into affected communities, a
study of the earthquake susceptibility of roadways, bridges and overpasses in southeast Missoun
is required. The Missouri Department of Transportation has designated the most viable of these
routes as emergency vehicle priority access. In order to insure that the designated access routes
will remain open post earthquake, the Missouri Department of Transportation needs to confirm
that these re-entry routes will not sustain major unacceptable earthquake related damage. and.
hence, could be reopened quickly foliowing an earthquake event. In order to determine if the
routes are viable, the Missouri Department of Transportation must assess the earthquake suscep-
tibility of existing overpasses, bridges, dams, levees, canals and foundation soils along these
routes. Ultimately, the Missouri Department of Transportation may elect to reinforce these fea-
tures where necessary, thereby minimizing earthquake damage, repair time and costs.

The earthquake hazards assessment of designated emergency vehicle priority access routes,
which are mainty National Highway System route in southeast Missouri, will produce tangible
economic and humanitarian benefits. The benefits will be realized if the Missouri Department of
Transportation is able to reopen designated highways in a timely and cost-effective manner. This
. effort fully supports the Federal Highway Administration (FHWA) National Strategic Plan’s
mobility goal related to the strategic objective of returning highways to full service. following
disasters. The expertise, methodologies and technologies developed during the course of this
study will be made available to adjacent states through presentations-in appropriate venues and
by publications of the study in appropriate journals. In this way, similar site-specific studies of
priority access routes in other Midwestern States will have the benefit of the protocols and pro-
cedures developed in this work. ' ‘ '



2.0 STATEMENT OF PROBLEM/SCOPE OF WORK

The designated emergency vehicle priority access route into southeast Missouri includes portions
of US 60. This route traverses varied geologic settings and includes or crosses many critical
roadway features such as bridges, slopes, box culverts, and retamning walls. The extent of dam-
age and survivability of these critical roadway features in the event of a major earthquake event
is not fully known and would impact the ability to use these designated routes to provide emer-
gency vehicular access in a timely manner,

This study involves the assessment of four critical bridges at two sites along US 60 (Figure 2.1)
and the development of an initial geotechnical database that will be part of a future regional geo-
technical GIS database. The methodologies developed in this study will be used to establish an
assessment protocol. The output-interpreted geotechnical data will be used for future prioritiza-
tion and retrofit of deficiencies noted at the bridge sites studied. '

3.0 OBJECTIVES

There were two primary objectives for this study. Objective 1 was to establish a geotechnical
database for earthquake design and future use in a geographic information system (GIS) for the
portions of US 60 and MO 100 in the counties of Butler, Stoddard, New Madrid, Franklin and St.
Louis. Objective 2 was to conduct detailed earthquake assessments at two sites along designated
emergency vehicle priority access route US 60.

3.1 Geotechnical Databases

Databases have been established for current subsurface and earthquake design data for the US 60
corridor in Butler, Stoddard and New Madrid Counties and for the MO 100 corridor in Franklin
and St. Louis Counties. The database includes appropriate geotechnical data from Missouri De-
partment of Transportation files. These databases will be integrated into the existing Missouri
Department of Transportation GIS system for future access, and serve as the beginning of a lar-
ger regional or statewide database for future development and use by the Missouri Department of
Transportation.
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3.2 Site Specific Earthquake Hazards Assessments

Members of the Missouri Department of Transportation, University of Missouri-Rolla Depart-
ments of Geology and Geophysics, Civil Engineering and Geological Engineering and the Mis-
souri Department of Natural Resources research team visited US 60 in Butler, Stoddard and New
Madnd Counties. Sites with critical roadway features were visually evaluated and ranked based
upon geologic, structural and perceived criticality/risk factors. The top two sites with differing
geologic settings and potential high-risk earthquake hazards were selected for detailed site-
specific earthquake assessments as part of this study. The sites selected are located in Stoddard
County where US 60 crosses Wahite Ditch Number 1 and in Butler County and Stoddard County
where US 60 crosses the St. Francis River.

Detailed earthquake site assessments were conducted for the two critical US 60 roadway sites.
Site assessments included subsurface exploration and laboratory testing to identify subsurface
materials and their engineering properties, evaluation of available seismic records and the char-
acterization of the ground motions associated with various design earthquake events. The re-
sponses of the subsurface materials and the existing bridge structures to the estimated ground
motions were determined.

The goals of the site assessments at these two locations were to:

1. Estimate peak magnitude and duration of ground surface motion (including amplification
and damping) associated with various events at each site.

‘2. Evaluate the susceptibility of each site to earthquake-induced slope instability and
liquefaction. ' :

3. Estimate shaking effects on the two types of existing bridge structures at each site.

4. Compare ground motion and structural response parameters from the site-specific earth-
quake analysis with those from the American Association of State Highway and Trans-
portation Officials (AASHTO) response spectrum analysis method and provide prelimi-
nary guidance regarding selection of the analysis method at future sites.

5. Evaluate modified site assessment techniques and establish a basis for using these modi-
fied techniques at other sites along designated emergency access routes.

4.0 MISSOU_RI DEPARTMENT OF TRANSPORTATION GEOTECHNICAL DATABASE
4.1 Design |
The prirmmary goaf for this database was to develop a repository of usable geotechnical data for the

Missouri Department of Transportation. This section of the report outlines the philosophies be-
hind both the development of the database and the design approach. : .



4.1.1 Design Approach

The approach to the development of the database revolved around the overall goal of designing a
Missouri Department of Transportation statewide geotechnical database, customized to the needs
of this project. There are two classical approaches to data management design: "top-down" or
"bottom-up.” A top-down design approach consists of conceptualizing the problem, breaking it
into manageable sub-problems, identifying appropriate methodologies and processes, and ma-
nipulating the data to achieve a result that will impact the “real” world. This approach is idealis-
tic and generally applicable only when there is no existing data and/or database.

On the other hand, when there are abundant data and information, or an existing database, the
development of a system requires the use of a bottom-up approach. This requires the analysis of
data format and structure prior to the identification of methodologies and processes. Once meth-
odologies/processes have been identified, a final model can be developed. Figure 4.1 shows a
hierarchical schematic of these two alternative system design approaches. The two classical ap-
proaches described above represent the extremes of how systems are designed.

For this project, an initial step was to model geologic and geotechnical data using a top-down
approach. Topics related to construction of transportation systems and their subsurface charac-
terizations were included in this phase. Data were categorized into different classes (Figure 4.2).

Missouri Department of Transportation investigators provided borehole logs and associated soil-
testing data. This necessitated modification to the database design approach. When data became
available, the database design shifted to a bottom-up approach. The categories dimmed in F igure
4.2 were not pursued any further. The scope of the database was focused to include only data at
highway structure locations provided by Missouri Department of Transportation investigations.

Top-Down Bottom-Up

Methods / Processes

Data / Data Structures / Databas

e’
The Real World

- Figure 4.1 System -Design:'Top-Dow'n vs. Bottom-Up -
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Figure 4.2 Organization of Missouri Department of Transportation Subsurface Data

Ultimately, a combination of the top-down and bottom-up approaches was used to design the da-
tabase. The existing geotechnical data dictated the uniqueness of the application and the model
developed. However, the design of the different tables was organized from a hierarchical point
of view. In other words, the design was an iterative process of studying the data defini-
tions/form/structure and developing the conceptual model and methods.

4.1.2 A Geotechnical Generic Example

A traditional geotechnical engineering project typically focuses on the subsurface characteriza-
tion of a specific site and the interaction of man-made structures with the earth mass. However,
multi-disciplinary projects usually require the expansion of the focus into other related fields
(e.g., bridges, environmental, geology, etc.). In such instances, the engineer may be required to
collect a broad range of available information to help solve a problem. The sources of informa-
tion are the subsurface data recovered by invasive (e.g., boreholes, soundings) and non-invasive
(e.g.. geophysical, remotely sensed) explorations, the existing surface features, and the future
surface and subsurface features planned for the site, if any. The multiple types of information
are available in different physical forms and the engineer's expertise and judgment are used to
synthesize this information and make decisions and recommendations about how to proceed with
the project. When the amount of information that can be effectively collected and manipulated is
abundant, the use of an information and database management system can aid in the problem
solving process. .

. Data introduced into a database can serve not only a specific project, but for a continued period
“of time and for other projects. However, problems involving the legacy and integrity of the data
may become an'issue. For example, when data is retrieved and used, it may incur changes that
alter the database, depending on the read/write permissions allocated to a user. Spatial informa-
tion uses coordinate systems and map projections that may be modified during the life of the data
and a record of these transformations needs to be stored. The date and the units of a value stored

wn



in a field need to be documented. Therefore, a record that keeps track of the data transformation
and contents should be used and is usually referred as "data about the data” or metadata. Since a
database may be intended to serve information for a continued period of time it is important to
identify the data sources, the data requirements, and the data structures (Luna and Frost, 1995).

The general principles of object-oriented modeling and design were followed. However, the
diagram included in this section does not necessarily follow a standard notation for reasons of
clarity (also not common language in civil engineering). The three models used in the Object
Modeling Technique (OMT) are the object model, the dynamic model, and the functional model.
They each represent a different aspect of the system: object model - static, structural, "data"; dy-
namic model - temporal, behavioral, "control"; functional model - transformational, "function"
(Rumbaugh et al., 1991). For this Missouri Department of Transportation database, the object
model has been adopted to represent subsurface geotechnical data and a generic example is
shown in Figure 4.3. These three kinds of models separate a system into three orthogonal views
and are not completely independent, but each model can be examined and understood by itself to
a large extent. The final architecture of the database was a product of the data structures and the
module integration and will be discussed in more detail later.

4.1.3 Analysis and Data Structure

Probably the most time consuming task in the database aspect of the project was the analysis and
definition of the data structure for the database. Missouri Department of Transportation’s cus-
tomized needs were met by focusing on data from borehole explorations and by retaining the
terminology consistent with the analog data (paper form) provided, such as soil descriptions,
stratigraphy, and testing nomenclature. No digital data were available for inclusion in this data-
base. An extensive reference was developed by The Missouri Department of Natural Resources
to perform data entry into database (refer to accompanying User’s Manual). Soil descriptions
and soil test names were standardized with the assistance of Missouri Department of Transporta-
tion.

Additionally, one item that required several iterations was related to the definition of fields and
records. To overcome this problem, the Missouri Department of Transportation and project in-
vestigators were asked to submit the nomenclature of geotechnical parameters, and to provide
typical value units, and maximum and minimum values for each. For example, Table 4.1 shows
an example of a more extensive list of geotechnical earthquake engineering parameters with the
required information to define the structure of the data. The complete list is provided in User
Instructions for Data Entry and Editing Database of Borehole and Other Geotechmcal Data for
Missouri I-hghway Structures.
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Table 4.1 Example of Data Structure Input to Database

Field Field Field Field | Decimal | Min. | Max. | Units
Name Description Tvpe'" | Size | Places | Value | Value
Elev Top of layer elevation N 6 2 000 [1000 |m
0
Soil Type | USCS Soil Classification A 10 _
y Dry Unit Weight N 5 2 90.00 | 140.0 | Lb/&?
0
NSPT Measured Standard N 3 0 1 50 Blow/ft
Penetration Value
Nspt- Correlation SPT_CPT data | N 6 2 400.0 | 1000.
CPT | (4e/N, qc in  kN/m’ 00
Corr N=Nspt) ' _ '
Less than | Percent passing 0.075 mm | N 5 2 0 100.0 | %
0.075 sieve 0
Vs Shear wave velocity N 6 2 110.0 ;260.0 | M/s
0
G Shear modulus N 7 2 50.00 |3200. |Kg/em?
’ 00

Notes: (1) N=numeric; A = alphanumeric
4.2 Implementation

The database design was implemented using the Microsoft Access software package. It is cur-
rently operational on a Pentium-based computer using the Windows NT operating system. The
database is being populated by means of an interface designed specifically for this project. Refer
to the companion document, User Instructions for Data Entry and Editing Database of Borehole
and Other Geotechnical Data for Missouri Highway Structures for details about the rationale and
usage of these “forms™ for data entry into the tables.

4.3 Link to a Spatial Database (GIS)

The database was designed to link to a Geographic Information System (GIS). In principle, it
can be referred as a spatial database. The data fields with geographic coordinates and referenced
coordinate system are field identified as key items in the databases. However, at this time the
entries to each borehole are not available. It is essential to link the boreholes to a common geo-
graphic reference so they can be related to the other spatial themes.

5.0 SITE CHARACTERIZATION: PROCEDURES
5.1 Field Investigations

The two study sites were investigated using both surface and subsurface exploration and map-
ping techniques. The details of the investigation program are discussed below.



5.1.1 Drilling and Sampling

Exploratow boreholes were advanced at each bridge site using mud-rotary techniques with a drill
rig and personnel provided by Missouri Department of Transportation. Three 50-foot boreholes,
two 100-foot boreholes, and one 200-foot borehole were made at both bridge sites.

The sampling interval varied with depth. The planned intervals were to sample continuously
from the ground surface to a depth of 30 feet, to sample at 5-foot intervals from 30 to 80 feet.
and to sample at 10-foot intervals thereafter. Several types of samples were collected, depending
upon the soil type and depth. Shelby tube and SPT samples were alternated for cohesive soils.
and only SPT samples were taken for non-cohesive soils. Shelby tube diameters were varied be-
tween 3-inch and S-inch tubes so samples could be used for a variety of tests. Missouri Depart-
ment of Transportation personnel logged the borings, retrieved and field-tested the samples. The
samples were wrapped and sealed in paraffin for later testing. Field-testing consisted of torvane
and pocket penetrometer testing of the cohesive samples. SPT values were recorded for both co-
hesive and non-cohesive soils.

5.1.2 Test Pits

Shallow exploratory test pits were dug to provide information on fill depths, lateral stratigraphy,
and homogeneity of site soils. The local Missouri Department of Transportation maintenance
shed near each bridge site provided a backhoe and operator to dig and backfill pits. An engineer
from the University of Missouri-Rolla selected trench locations and prepared a log of soil units
visible in the test pit walls.

5.1.3 Cone Penetrometer

Six seismic cone penetrometer soundings were completed at the St. Francis River Site and five at
the Wahite Ditch Site, with a goal of advancing the soundings as deep as feasible (estimated to
be 80 ft or 25 m). Recorded parameters included tip resistance, local friction, pore pressure, and
inclination at 0.15 ft {0.05 m) intervals, as well as seismic velocity at 3.3 ft (1 m) intervals. Pa-
rameters calculated or correlated from recorded parameters included friction ratio, soil type, and
SPT. In many cases, soil resistance exceeded the available capacity of the cone rig (CME 850)
and soundings were halted before the target depth was reached.

5.1.4 Surface Mapping

A University of Missouri-Rolla engineer developed site engineering geologic maps showing es-
- timated limits and types of fill material, geometry of site stopes, and other geologic features po-
tentially impacting the roadway, bridges, or abutments. Because both bridge sites proved to be
rather simple and homogeneous geologically, information from this field mapping was incorpo-
rated into the slope stability cross-sections and the site geology discussion and is not presented
separately. e - S h B :



5.1.5 Interviews with Local Personnel

Mr. Dan Camden of the Wappapello Lake Control office, U.S. Army Corps of Engineers was
contacted to obtain information regarding potential impacts to the US 60 roadway following
catastrophic failure of the Wappapello Dam, on the St. Francis River.

Mr. Lonnie Blasingame. Missouri Department of Transportation Regional Superintendent, pro-

vided information on historic maintenance on the portions of US 60 near the St. Francis River
Site and Wahite Ditch Site.

5.2 Laboratory Investigations

Soil samples taken from the borings at the two sites were transported initially to the Missouri
Department of Transportation Geotechnical Laboratory. The field boring logs were reviewed
and soil samples selected for testing. Missouri Department of Transportation personnel con-
ducted basic index tests at the Missouri Department of Transportation Geotechnical Laboratory.
Static and cyclic triaxial tests were conducted at the University of Missouri-Rolla Civil
Engineering Geotechnical Laboratories.

5.2.1 Missouri Department of Transportation Laboratory Testing

Soil tests conducted by Missouri Department of Transportation personnel include:
e Pocket penetrometer

Torvane

Natural water content

Liquid limit

Plastic limit

Unconfined compression

Sieve and hydrometer

All tests were conducted in general accord with the applicable AASHTO Standards. The results
of their testing are given in Appendix B.

5.2.2 University of Missouri-Rolla Laboratory Soil Testing

Upon completion of the classification testing, the soils were transported to the University of Mis-
souri-Rolla for testing in their Geotechnical Engineering Laboratory. The soils were categorized
into three general soil types for testing (high plastic clay, low plastic clay and silt). The Univer-
sity of Missouri-Rolla conducted static consolidated-undrained (staged and multi-sample CU)
tests and strain controlled cyclic triaxial tests on samples of the cohesive soils. The silt soils
were disturbed such that they could not be tested in the laboratory.

10



5.2.2.1 Consolidated-Undrained (CU) Triaxial Tests

Consolidated-undrained triaxial compression tests were conducted on selected samples of cohe-
sive soils from the borings. All tests were conducted in general agreement with Test Method for
- Consolidated-Undrained Triaxial Compression Test on Cohesive Soils, ASTM D5567. When
there were only limited volumes of soil sample suitable for testing, a staged CU test was con-
ducted. These tests were conducted in general agreement with the procedure developed by Srid-
haran and Rao (1972). Effective stress and total stress cohesion intercept and friction angles
were determined. The results are presented in Appendix B.

5.2.2.2 Cyclic Triaxial Tests

Selected cohesive soil samples were tested for their strain dependent shear modulus and damp-
mg. The tests were conducted in general accordance with Test Methods for the Determination of
the Modulus and Damping Properties of Soils Using the Cyclic Triaxial Apparatus, ASTM D
3999. All tests were conducted at a frequency of 10 cycles per second (Hz). The tests were
staged in that a single sample was tested at three different deformation levels. The resulting
moduli and damping were then plotted as a function of the imposed strain. The results are pre-
sented in tabular form in Appendix B.

5.3 Base Rock Motion Determination

[n a traditional earthquake hazard assessment project, the first step is to select a rock base ground
motion at the site. This usually requires a site-specific seismic hazard analysis taking into con-
sideration the characteristics of all the known earthquake sources (faults, zones, epicentral dis-
tance, geological condition, and background) that could affect the site. However, in the central
United States there is a lack of recorded strong ground motion in the New Madrid area that can
be used for such purposes. Therefore investigators in the research community have resorted to
procedures that develop synthetic base rock motions at a site.

Dr. Robert Herrmann, Professor of Geophysics at St. Louis University, was requested to provide
credible synthetic ground motions at both the St. Francis River Site and the Wahite Ditch Site.

5.3.1 Current Peak Ground Acceleration

The locations of both the bridge sites (St. Francis River Site (SF) and the Wabhite Ditch Site .
(WD)) are shown in Figure 5.1 together with neighboring earthquake locations for the time pe-
riod 1974-1995. The St. Francis River Site is about 37 - 150 km from possible earthquakes in the
. active part of the current seismicity zone, while the Wahite Ditch Site is about 15 - 150 km from
active seismicity (Herrmann, 2000).

- In the preparation of the 1996 National Earthquake Hazards Reduction Program (NEHRP) maps,

-the United States Geological Survey (USGS) considered other possible locations obtained by
moving the 'Z' seismicity pattern westward slightly to the edge of the ancient right and eastward
to the eastern boundary. They then assigned weights of 1/3 to each of the three patterns.



The USGS 1996 maps equally weighted two ground motion magnitude — distance relations: one
based of the Toro and McGuire model for EPRI and the other a purely USGS model. The 1996
maps were generated for a nationwide NEHRPB-C soil condition boundary so that one could use
the methodology in Federal Emergency Management Agency (FEMA) -273, for example, to ad-
just the mapped values to sites with other than the B-C soil condition in the upper 30 meters.

By entering a latitude and longitude at the USGS - National Seismic Hazard Mapping Project,
the peak ground acceleration can be obtained (Table 5.1 Peak Ground Acceleration, Herrmann,
2000). However, Hermann, (2000) has not used these values in the final recommendations of
base rock motions.

5.3.2 Magnitudes and Distances for the Recommended Acceleration Values

The magnitudes and distances for the study sites were selected from.a table of ground motion
parameters as a function of magnitude and distance (the USGS ground motion model enters into
the hazard analysis code by a table lookup). The following acceptable combinations are shown in
Table 5.2 (Herrmann, 2000).

5.3.3 Time Histories

Using the band-limited Gaussian white noise technique of Boore (1922), the program
DORVTI80 and TD_DRVR were used together with auxiliary programs for display.

The Central United States (CUS) deep soil ground motion model with F96 (USGS96 source scal-
tng) given on the CUS ground motion web page, with a soil thickness of 0 meters was used. Be-
cause the CUS model includes 1 km of Paleozoic layers, there is a slight frequency dependent
site amplification. The model uses recently determined, CUS specific, crustal wave propagation
from the source to the site (Appendix D). '

The recommend rock base accelerations for a probability of exceedance (PE) of 10 % in 50 years
and a PE of 2 % in 50 years for each site was obtained, i.e. 40-rock base synthetic ground mo-
tions (time histories) are available. Half of theése were for PE of 10% in 50 years and other half
were for PE of 2 % in 50 years.

The details of these rock base motions are shown in Appendix D. Selected sets of time histories

of rock base acceleration-time histories are shown in Figures 5.2a,b,c,dand 5.3a, b, ¢, d. These
will be used in all subsequent analysis as explained further.
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Figure. 5.1 Seismicity in the 1974 - 1995 Time Period in the Vicinity of the St.
Francis River Site (SF) and the Wahite Ditch Site
(WD).(Herrmann, (2000))

Table 5.1 Peak Ground Acceleration (Herrmann, 2000)
(Source; USGS 1996 Seismic Hazard Maps)

Peak Ground Acceleration (g)
Site location 10 % PE in 50 2% PE in 50
years years
St. Francis River Site 0.158 - 0.643
(36.8°N, 90.2°W)
Wabhite Ditch Site 0.196 1.343

(36.8°N, 89.7°W)_




Table 5.2 Magnitudes and Distances for Selected Earthquakes,
(Herrmann, 2000)
a, St. Francis River Site

Probability of Exceedance|Magnitude |Distance, R
Mw (km)

10 % in 50 years 6.2 40

10 % in 50 years 7.2 100

2 % in 50 years 6.4 10

2 % in 50 years 8.0 40

b. Wahite Ditch Site

Probability of Exceedance Magnitude |Distance, R
Mw (km)

10 % in 50 years 6.4 - [40

10 % in 50 years 7 65

2 % in 50 years 7.8 16

2 % in 50 years 8.0 20

For the purpose of establishing procedures for the remainder of this earthquake engineering
study, the following rationale was adopted to select what ground motion time history be used in
the subsequent analysis.

All of the 20 ground motions were used for one-dimensional wave propagation analysis (using
the SHAKE program, Schnabel, 1972) for each bridge site. This resulted in a profile of peak ac-
celerations for each soil layer for both bridge sites. The three ground motions with highest peak
horizontal ground acceleration (maximum PGA) at the surface were selected for the subsequence
analyses.

5.4 Seismic Response of Soil

This section describes the procedures used to evaluate the response of the various site features to -
the selected simulated earthquakes. :

5.4.1 Wave Propagation Analysis

Several methods for evaluating the effect of local soil conditions on ground response during
carthquake are presently available. Most of these assume that the soil response is caused by the
upward propagation of shear wave from the rock base. Analytical procedures, considering
nonlinear soil behavior, have been used in the SHAKE (Schnabel, et. al. 1972) and SHAKE9!
(Idriss and Sun, 1991) computer programs.

The SHAKE9! procedure generally mvolves the followmg steps: :
l. Determination of the ground motion at the base rock. for use in the analysis. Thls ground
motion is a function of the maximum acceleration, effective duration, magnitude and epi-
central-distance.
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‘2. Determination of the dynamic properties of the soil deposit {(shear modulus, mass density,
shear wave velocity, etc.). Non-linear properties of several soils have been established for
use in this and other analyses (Seed and Idriss, 1971, Vucetic and Dobry, 1991).

3. Computation of the response of the soil deposit to the rock-base motions using SHAKE9! .

SHAKE9!, with its pre- and post-processor SHAKEDIT, were used to propagate the horizontal
_rock-base motion to the soil layers, and were also used to transfer P-waves from the rock base to
the above layers. Briet descriptions of these programs are presented in Appendix C.

5.4.2 Liquefaction Analysis

A.universally accepted procedure of liquefaction analysis (Seed and Idriss, 1971 and Youd and
[driss, 1997) is as follows:

1. At a point in the soil mass, compute Ty shear stress caused by the earthquake (base rock
motion in Figures 5.2 and 5.3) using equatlon 5.1:

-—063-(3 )-cr .r, 5.1)
g -
T,y may be expressed as the Cyclic Stress Ratio (CSR) (equation 5.2),
CSR =~ =0.65e [ max ] . [&) ./, (5.2)
Ou g o, )

where, _‘
amax = peak horizontal ground acceleration at that surface. amw, Is considered con-
stant throughout the entire depth.

g = acceleration due to gravity

o, = total vertical overburden stress

o. = effective vertical overburden stress
rgy = stress reduction coefficient

rq has been expressed as a function of depth below the ground level z, as (Youd and Idriss,
1997): .

1 - 0.41132°% +0.040522 + 0.0017532" |
[[-0.41172° +0.057292 - 0.0062052 " +0.001212°]

(5.3)

fg =
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3.

. Estimate 7j;y, the shear strength to cause liquefaction at the above point under the ground
motion (Figures 5.2 and 5.3).

Tig 1S also expressed as cyclic resistant ratio (CRR) i.e. 1ji/o,,’ at the above point. A rela-
tionship with 1;/c,’ and corrected (N1)y for earthquake magnitude 7.5 is in Figure 5.4.

The standard penetration test values NM are converted to (N1)e by correcting for energy
and other factors as below (equation 5.4).

{N1) o=NM CNCECB CRCS (5.4)
where,
NM = Observed SPT value
CN = factor to correct NM for overburden pressure
CE = Correction for hammer energy ratio
CB = Correction for borehole diameter
CR = Correction for rod length
CS = Correction for samplers with or without liners

The factor of safety (FOS) against liquéfaction is computed as:
FOS = Tiig/Tay (5.52)
or
FOS =CRR/CSR (5.5b)

In this manner, t,, (or CSR) and t;i, (CRR) are computed along the depth of a profile at several
points and the factors of safety of a deposit are evaluated. _

Modifications to t,y in the SHAKE Program

1.

The SHAKE program is used to analyze the wave propagation from base rock up to sur-
face layer.

The output of SHAKE program includes peak acceleration of each soil layer.

This peak acceleration (anm.) is used to compute T,,. This may glve slightly different
value of t,, as compared to thelr result using equation 5.1.

The Seed and Idriss sxmpllﬁed method (1971), as modlﬁed by Youd and Idriss (1997) was used
in the hquefactlon potentlal analysis of this pro;ect
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5.5 Slope Stability of Abutment Fills

Seven cross-sections from the St. Francis River Site were selected for slope stability analysis
(Figure 5.5), as were seven from the Wahite Ditch Site (Figure 5.6). At both sites, the cross-
sections represented the steepest site slopes. The cross-sections were developed from the topog-
raphic maps created by Missouri Department of Transportation and from the subsurface informa-
tion obtained by drilling and cone penetrometer soundings. The cross-section data was then en-
tered into the slope stability program PCSTABLS using the pre and post processor STEDwin. The

slopes were analyzed under static and pseudostatic conditions using the Modified Bishop
Method.

5.5.1 Soil Property Estimation

The soil properties needed for PCSTABLS analysis were estimated using a conservative ap-
proach. Wet unit weight, saturated unit weight, cohesion and internal angle of friction were es-
timated by correlation with SPT values, Cone Penetration Tests (CPT), Missouri Department of
Transportation and University of Missouri-Rolla laboratory tests, and several technical refer-
ences. Specifically, values were estimated as follows:

e The (Nl)s, CPT, and laboratory data values were matched at various depths and com-
pared for consistency.

¢ The density condition of thc soxl was based on correlations with (Nj)eo and CPT
{McCarthy, 1998; Meigh, 1987). The relative density (D;} was based on correlations with
(Ni)so and CPT (Hunt, 1984; Meigh, 1987).

e The dry unit weight of granular soils was determined from relative density (McCarthy,
1998). Dry unit weight could not be measured directly in the field or laboratory for
granular soils.

e The void ratio of granular soils was calculated from the minimum and maximum dry unit
weight of silty sand (Lambe and Whitman, 1969).

¢ For clays the equation below was used to determine the void ratio:

o= Lo _j | (5.6)
Vay
The Missouri Department of Transportation assumed G, of 2.67, and the dry unit weight
of the clay was bbtained from Missouri Department of Transportation laboratory tests.

¢ The wet and saturated unit weight of the soil was determined by using equation 5.7:

NER0) S
(1+e) : '

~ The degree of saturation was set equal to 50% (S = 0.5) for the wet unit weight of soil
- and equal to 100% (S=1) for the saturated umt weloht of soil.

e Internal angle of fl’lCthIl for clays was found from cone resistance and friction ratio
(Meigh, 1987).
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Figure 5.5 St. Francis River Site Topography, Cross-Sections and Boring Locations

e For cohesionless soils, (N{)s values were used to determine the internal angle of friction
(McCarthy, 1998). '

e Cohesion was determined from the torvane and laboratory tests conducted by the Mis-
souri Department of Transportation.

The soil properties obtained through this procedure were then averaged for each stratigraphic
unit at the St. Francis River Site and the Wahite Ditch Site

5.5.2 Groundwater Elevation Selection

Two groundwater elevations were selected for the stability analysis at each slope: a low water
condition and a high water condition. The low water condition was based on the water eleva-
tions measured by Missouri Department of Transportation and University of Missouri-Rolla in
September and October of 1999. These elevations were anticipated to be lowest reasonable lev-
els due to the lack of rain for the preceding 6-8 weeks. The high water condition was estimated
. from the height of the water staining on the bridge piers and was expected to be the highest rea-
_ sondble groundwater elevation, representmg levels during a prolonged wet season and flooding
. event. The two groundwater elevations were then used to conduct the static and dynamic slope
stability analysis at the study sites.



Key .
A - A Lodabon of cross-iecten for clope stalnbty anabras

B- I.P(‘-l Zazaten of sald borng and -one senstroieter sougdg '

T:-l] Looamem 3E test it

- wdLame T

: B o
f f Bov ‘ oSN e ‘ ;
e —— R Y ‘IR TR L O SRSy
e T Y il AP R S Tl e My
- “"‘\._
“ags
N
Scale
0" 50’ 100

Figure 5.6 Wahite Ditch Site Topography, Cross-Sections and Boring Locations
5.5.3 Design Horizontal and Vertical Earthquake Accelerations

Three sets of ground accelerations were selected for the St. Francis River Site and the Wahite

Ditch Site based on the SHAKE9! analysis. The acceleration sets covered the following condi-
tions:

1. Adjusted Peak Horizontal Ground Acceleration (PHGA). PHGA was selected for each
bridge site as the maximum horizontal acceleration from the ten synthetic time records.
PHGA was adjusted to a level of 66% of the original value. While Kramer (1996) and

- other researchers recommend using lower values (on the order of 50%), it is prudent to
conduct a stightly more conservative analysis. since the effects of transient pore-water
pressures are not accounted for in the analysis. and the strength and density values used
in the analysis were obtained, in part, from published correlations.

2. Adjusted PHGA with corresponding Adjusted Peak Vertical Ground Acceleration
(PVGA). For this set of analyses, the Adjusted PHGA values from set 1 were used along
with the corresponding PVGA occurring at the same time as the PHGA in the synthetic
time records. The PVGA values were adjusted using the modification factors described
in Section 8.1.3.3 and 8.2.3.3 (C ='66% * PHGA/PVGA), and then adjusted to 66% of -
the modified value. Both positive and negative vertical ground accelerations were ana-
lyzed. ' ' ' '
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3. Adjusted PVGA with correSpondlng Adjusted PHGA. For this set of analyses, the
PVGA was selected as the maximum vertical acceleration from the same time record as
set 1, used with the corresponding PHGA occurring at the same time. The values were
adjusted as described for set 2. -

Each set above used acceleration values for earthquakes with 2% and 10% exceedance probabili-
ties in 50 years. The selected design horizontal accelerations were used in PCSTABLS to repre-
sent pseudo-static earthquake conditions, for both low and high ground water. The adjusted ac-
celerations are summarized below in Table 5.3.

5.6 Flood Hazard Analysis

Flood hazards were estimated assuming that an earthquake caused catastrophic failure of water-
way levees in the vicinity of US 60 or failure of the Wappapello Dam, located approximately
eight miles north of US 60.

Eleven 7.5-minute topographic maps were collected to map the areas that would be affected by
flooding if local levees failed during an earthquake. The flooding analysis consisted of the fol-
lowing procedures:

e River, creek, and drainage ditch locations, approximate elevations of water levels, and ap-
proximate elevations of both natural and man-made levees flanking the waterways were iden-
tified.

e Zones on the topographic maps were subdivided along the roadway by 5-foot contour inter-
vals.

e Areas where the land was below water levels in waterways were marked as zones of potential
flooding. Each area was field checked to visually assess the elevation of the roadway com-
pared to surrounding land.

An evaluation of the effects of catastrophic failure of the Wappapello Dam was completed by
U.S. Army Corps of Engineers (1985). Flood maps presented in the U.S. Army Corps of Engi-
neers report are summarized in Section 8.1.6

Table 5.3 Design Horizontal and Vertical Earthquake Accelerations
a. St. Francis River Site

Set 1 ' Set 2 . Set3
Earthquake | HGA VGA HGA VGA HGA VGA
10% PE 0.135 |0 0.135 +0.048 0.012 +0.090
2%PE. 0.331 0 0.331 +0.170 0.014 +0221
b. Wabhite Ditch Site — '
| Set 1 .1 Set2 . 1 Set3 :
Earthquake | HGA VGA |HGA  |VGA |HGA - | VGA
10% PE 0.123 0 0.123 .| £0.006 0.008 +0.082
2% PE 0.350 0 0.350 +0.007 0.060 +0.233




6.0 PROCEDURES FOR SEISMIC CONDITION ASSESSMENT OF BRIDGES AND
ABUTMENTS :

This section describes the complete procedure used to assess the condition of highway bridges
based on the site-specific seismicity. The work delineated in this study includes the setup of
computer models of the study bridges assuming rigid abutments and foundations. seismic analy-
sis of the bridges under site specific ground motions, preliminary evaluation of various structural
components, and comparison between the AASHTO spectrum and site-specific ground motions.

A set of performance goals, relating to the responses of the bridge to earthquakes of specified
hazard level, are established for condition assessment. The performance goals are achieved
through computer modeling and analyses using engineering criteria concerning the evaluation
procedures of structural components. These criteria include the specification of acceptable levels
of damage that meet the global performance goals as defined by AASHTO.

6.1 Global Performance Goals

Global performance goals are generally defined to set the criteria for acceptable performance
during an earthquake event. These goals are described below.

6.1.1 American Association Of State Highway and Transportation Officials Specifications

The performance goals in the current AASHTO Specifications Division I-A, Seismic Design, are
as follows:

* Small to moderate earthquake should be resisted within the elastic range of the structural
elements without significant damage.

* Severe earthquakes should not cause collapse of all or part of a bridge. Damage that does
occur should be readily detectable and accessible for inspection and repair.

Based on the AASHTO Specifications, bridges are designed only for one level of seismic hazard
representing a severe event (the 500-year return period event). For that hazard levei, damage
must be limited, but not necessarily eliminated. The implication of this methodology is that the
structure will sustain minimal or no damage for small to moderate earthquakes if the design is
performed for a severe earthquake.

6.1.2 Bridges Along US 60

Many studies have shown that the seismic hazard in the Midwest increases considerably for an
carthquake with a return period of 2,500 years instead of 500 years as specified by AASHTO.
Bridges along the designated emergency vehicles access routes are needed the most to allow res-
cue teams and necessary rescue equipment to pass through for saving the lives in the stricken ar-

eas in case of a devastating earthquake event.

[n principle, it is possible to eliminate any damage occurring from earthquakes, if bridges are
upgraded for the maximum credible earthquake. However, the unreasonably high costs of such a
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retrofit as well as budgetary constraints often dictate a more realistic approach that would sig-
nificantly reduce cost, but as a tradeoff would permit some damage under certain conditions.

The recommended performance goals of a bridge that could satisfy the above requirements are:

1. For the low hazard level (10% probability of exceedance in 50 years or approximately
500-year return pertod), the bridge shall be capable to carry normal traffic almost imme-
diately after the earthquake. Damage shall be minimal and mostly limited to secondary
structural elements.

2. For the high hazard level (2% probability of exceedance in 50 years or approximately
2500-year return period), the bridge shall be able to carry limited traffic within days (re-
duced lanes. light emergency traffic). The goal is to avoid collapse.

3. It is clear that the above-stated goals involve policy issues conceming the desirable level
of service after an earthquake as well as the financial expenditures necessary to achieve
this service. These issues are of socioeconomic nature and need to be addressed by the
Missouri Department of Transportation as a matter of public policy. The present condi-
tion assessment provides the background information in terms of vulnerability of the
bridge in terms of the expected level of service.

6.2 Engineering Performance Criteria

Earthquakes in the Midwest are characterized as infrequent but high consequence events. Once it
occurs, an earthquake often induces larger forces in structural members (especially vertical struc-
tural components) than other dead and live loads. Economic considerations dictate that structural
components resist earthquake loads using the available capacity in the inelastic range of their re-
sponse. Thus ductility, or the ability of structural members to deform inelastically without loss of
strength, is an important consideration in the response of structural components to seismic loads.

The established engineering performance criteria address a range of issues including the proce-
dures for performance assessment, seismic demand and capacity, and acceptable damage. They
are based on the AASHTO Specifications and the FHWA Seismic Retrofitting Manual for
Highway Bridges (1995). :

6.2.1 Pérformaﬁce Assessment

The seismic performance of the bridge is determined on the basis of the performance of its com-
ponents. For all critical structural components, a capacity over demand (C/D) ratio is determined
for each potential mode of failure. The lowest C/D ratio value of each component indicates the
controlling mode of failure. A C/D ratio less than one implies a vulnerable component. Potential
~'damage of groups of components is also considered to reflect the performance of overall struc-

tural systems. ' ' ‘ o ' ' ' :



The C/D ratio is defined as:

R -Y 0
c/p=f-29 (6.1)

Ly

where R, is the ultimate force or deformation capacity of the component for the mode of failure
under consideration. ZQ; is the sum of the force or deformation demands for loads other than

carthquake loads (dead loads, live loads, etc.). Qgg is the earthquake force or deformation de-
mand. :

When components such as columns and pile caps resist failure in a ductile mode, the C/D ratios
are multiplied by ductility indicators (u>1) to enable the use of the elastic analysis results. For
non-ductile modes of failure (buckling of bracing members and shear of beams, etc.), the ductil-
ity indicators are taken equal to one. For bridge bents with multiple columns, a ductility indicator
of 5.0 is used. The ductility indicators of other members can be found in the FHWA Manual
(1995).

6.2.2 Seismic Demand

Structural analysis was performed using the computer program SAP2000. The method of analy-
sis of the bridge is the time-history analysis procedure and response spectrum analysis with uni-
form support excitations. The soil-structure interaction was taken into account by including sev-
eral springs, representing soil flexibility. Nonlinear soil properties were accounted for by select-
l1g strain compatible constants of the springs.

The computation of seismic demand was based on three-dimensional computer models of the
bridge. These models were developed to the extent that the essential characteristics of the struc-
ture were adequately represented and the response of the bridge sufficiently predicted. They de-
scribe the as-built condition of the bridge. :

The seismic forces to be resisted by the pile caps were determined based on the smaller forces ‘
due to the column over-strength capacity and the elastic analysis results. For the purpose of de-
termining the over-strength capacity of columns, the nominal strength of reinforced concrete was
mcreased by a factor of 1.30.

The seismic demands were calculated at two hazard levels for the site specific evaluation. They
were also determined under the AASHTO design spectrum for comparison with the site-specific
assessment. The well-known Complete Quadratic Combination (CQC) combination rule was ap-
plied to combine the effect of all vibration modes. The effect of different earthquake components
were combined using the “30 percent rule” specified in AASHTO Specifications for peak re-
spomnses. : - :



6.2.3 Seismic Capacity

The current FHWA Seismic Retrofit Manual for Highway Bndges Guidelines (1995) are used to
determine the capacity of concrete structure components.

6.2.4 Acceptable Damage
Examples of acceptable damage at low hazard levels for the AASHTO earthquake inciude:

Damage to non-structural components.

Limited cracking and spalling of the concrete columns.
Some yielding of columns.

Sign of yielding of member connections.

Some damage to expansion joints.

Examples of :icceptable damage at high hazard levels include:

Serious damage to non-structural components.
Cracking and spalling of the concrete columns.
Yielding of columns.

Yielding of member connections.

Damage to bracings.

6.3 Analysis Procedures

This study focused on the condition assessment of both the superstructure (deck, girder, bearing,
etc.) and the substructure (abutment, cap beam, column, and pile cap) for the selected bridges.

6.3.1 Computer Modeling of Bridges

One computer model was prepared for the analysis of each bridge. The concrete deck is simu-
lated using shell elements while the remaining structural components are modeled as frame ele-
ments. To match the elevation of the actual bridge (deck and bearing). rigid dummy elements
were introduced. Soil flexibility was represented by a sct of springs at the centroid of pile caps
at both interior bents and abutments. More detailed information on the computer model is dis-
cussed in Section 8.1.7. '

_ 6.3.1.1 Design Ground Motions

The bedrock motions for the analysis of the bridge were obtained from the procedures described
in Section 5.3. They were used to determine the time-history response at the centroid of the pile
caps based on one-dimensional seismic wave propaganon from the SHAKE program as discussed
in Section 5.4. The ground motion at one p11e cap 1§ conmdered as input for the entu‘e bridge
model. S



6.3.1.2 Analysis Procedure

After the computer model was checked for connectivity, the seismic demand of structural mem-
bers was computed based on the following procedure:

Step 1. The stiffness constants of springs at the pile caps of interior bents and abutments were
estimated.

Step 2. The bridge model was analyzed under a longitudinal, transverse, vertical earthquake
excitation, respectively.

Step 3. The effects of longitudinal, transverse and vertical earthquake excitations were com-
: bined.

- Step 4. The compatibility between the load and displacement of the springs at all pile caps
were checked. If they were not compatible, the stiffness constants were revised and
Steps 1-3 were repeated until compatibility was satisfied.

6.3.2 Computer Modeling of Abutments

The abutments of all four bridges are supported on piles. However, only the abutments of the Old
St. Francis River Bridge and the Old Wahite Ditch Bridge support the deck in simple support.
The decks and the abutments of the two new bridges are constructed integrally with the bridge
deck.

Figure. 6.1 depicts a typical non-integral bridge abutment supported on piles. Choudhry (1999)
and Wu (1999) have proposed methods to calculate displacements of bridge abutment and retain-
ing wall due to earthquake. The bridge abutment in their model was considered as a two degree
of freedom model (Figure. 6.2). Based on this model, displacements of bridge abutment may
occur in translation and rotation. A modification is used in this analysis to predict response of a
bridge abutment supported on piles. The stiffness and damping factors due to pile-soil interaction
are calculated by Novak’s (1974) model (Appendix F). '

Figure 6.3 shows the forces acting on the bridge abutment. These forces consists of:

1. The vertical seismic force increment (V) is
' VvV, =k,W , o (6.2a)
where: '
k. = vertical seismic coefficient
W = weight of the abutment.

The ‘Vertical'-fdrce may act in the positive (+) or negative (-).'direqtion. Ihe.case that
.gives maximum displacement was adopted. : E

The point of application of V| is the center of gravify of the abutment and the horizon-
tal distance from this point to the heel of the abutment is expressed as x| Figure 6.3.
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2.

The horizontal force {H;) due to weight (W) of the abutment is computed as:
Hi=kn W {(6.2b)
where: :

kn = horizontal seismic coefficient

The height of the line of action of H, is at the centroid of the abutment, z, from the bot-

tom.

The vertical seismic force increment, Vs, applied to the abutment is

Va=k,Q (6.3a)
where:

Q= Weight of the girder and traffic load acting on the bearing

The vertical force may act in the positive (+) or negative (-) direction. The case that
gives the maximum displacement was adopted. The point of application of V; is the
center of the bearing and the horizontal distance from this point to the heel of the abut-
ment is expressed as Xa.

The horizontal seismic force H; of the girdér 1s:
H; =knQ (6.3b)

The height of the line of action of Hj is assumed to be coincident with the upper surface
of the bearing and at a distance z; from the bottom of the abutment.

The seismic force due to the weight of earth (W) ABCE (Figure 6.3) is given below
with the point of application at the centroid {x;, z3) of the earth mass:

v3 = kvws ' o (643)
H3 = l(h“'rs : . (64b)

The earth pressure acting on the abutment is the sum of the earth pressure acting on the
vertical line DE and the weight of soil mass ABCE and the seismic force. The earth
pressure increment acting on the vertical line DE is calculated by the Mononobe-Okabe
method. Its point of application is at 1/2 of the height of the line ED and the direction
is inclined § (Section 6.3) to normal on ED.
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Figure 6.3 Forces Acting on the Non-Integral Bridge Abutment

The horizontal force (P,) and moment (M,) about the heel (D) due to seismic force are:

P, =H; +H; + H; + AP,. cos{d) (6.53)

M¢ =V.x;+ Vi x3+ Vixs + AP, COS(S). 172H+ H, z1+H; z+ H;, 23 (6.5b)

The seismic displacement analysis procedure is presented as follow; .

Pl ol e

The bridge abutment supported on piles is shown (Figure 6.1).

Two degree of freedom of motion is used to obtain displacement of bridge abutment.
Point of rotation was assumed at the heel of bridge abutment (Figure 6.2, Wu, 1999).
Seismic response of bridge abutment was calculated based on the time history of accel-
eration acting on the base of bridge abutment.

The pile and soil interaction provided stiffness and dampmg, and the abutment provides
the mass.

Stiffness and damping constants of soil-pile interaction were calculated using recommen-
dation of Novak’s (1974) and Novak and El-Sharnouby (1983) (Appendix H).

The seismic forces are presented based in Figure 6.3.

Non-linear soil properties were used to calculate stram—dependem stiffness and damplng
factors (Appendix B). :

Displacements were calculated by solvmg the seismic: force equnhbnum for the active
state condition. This means that the permanent displacement occurred if the acceleration
acts towards the fill and the wall moves away from the fill.
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10. Total displacements at the top of bridge abutment were calculated by adding the sliding
and overturning displacement.

The solution technique to obtain the abutment displacement is presented in Appendix F.
7.0 REGIONAL GEOLOGY AND GEOTECHNICAL DATA

This section describes the regional geology of the study sites and summarizes the pertinent geo-
technical data. ' :

7.1 Regional Geology

The regional geology of the US 60 roadway between Poplar Bluff and Sikeston, Missouri is
characterized by alluvial sands and gravels deposited by the ancestral Mississippi River, under-
lain by a dipping sedimentary sequence of limestones, dolomites, shales. and sandstones.

The study section of US 60 is located along the western margin of the Mississippi Embayment,
as shown in Figure 7.1. This portion of the Embayment is bounded on the west by the Ozark Es-
carpment in Poplar Bluff, which consists of Paleozoic Dolomite and Sandstone overlain by thin
residual soils. The Embayment extends in other directions beyond the study section. Shallow
materials below the study section may be characterized as Wisconsin Braided Stream Terraces,
from previous channels of the post-glacial Mississippi River. The terraces are broken into two
groups, separated at Dexter by Crowley’s Ridge (composed of Wilcox Group sand). The first
groups of terrace deposits are older early Wisconsin terraces, located to the west of Crowley’s
Ridge, spanning from Poplar Bluff to Dexter. The second groups of terraces are younger late
Wisconsin terraces, located to the east.and extending from Dexter to Sikeston. The relationship
of these terraces to Crowley’s Ridge may be seen in the cross-section in Figure 7.2.

The early Wisconsin terraces to the west range in thickness up to 200 feet, based on maps by
Saucier (1994), and consist of sand with some gravel (Grohskopf, 1955). Near Poplar Bluff,
Ozark Escarpment Alluvial Fan deposits overlie the terraces. The terraces also contain the in-
cised channels of the modem Black and St. Francis Rivers (near Poplar Bluff and Fisk, respec-
tively) and an abandoned channel of the St. Francis River (approximately six miles east of Poplar
Bluff). A more significant abandoned channel of an unnamed creek just west of Dexter has de-
posited undifferentiated Holocene Altuvium along approximately three miles of US 60. The
slightly elevated Dudley Ridge represents a separate valley train deposit within the early Wis-
consin sequence.

The late Wisconsin terraces to the east range in thickness up to 150 feet, an estimate also based
Saucier (1994) maps, and are similar in composition to the early Wisconsin terraces.
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Sikeston Ridge is composed of early Wisconsin materials and is the remnant of a stream terrace
deposited before the Mississippi occupied the Dexter-to-Sikeston floodplain. East of the Sikes-
ton Ridge, late Wisconsin materials are overlain by sand and aeolian deposits (Saucier, 1994).

~ Crowley’s Ridge is 40-mile long linear feature, trending northeast, which near Dexter is a cuesta
of resistant Wilcox and Midway Group materials. The ridge is capped by residual soils and

loess.

Bedrock beneath the US 60 alignment dips to the east, and the bedrock seqtence from Poplar
'Bluff to Sikeston progresses from Paleozoic (Powell, Cotter / Jefferson City, Roubidoux and
Gasconade Formations), to Cretaceous (McNairy and Owl Creek Formations), to Paleocene

(Midway Group) and Eocene (Wilcox Group).
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Figure 7.2 Cross-Section of Regional Geology
7.2 Summary of Field and Laboratory Data

The first task of the field investigation involved discussions with local Missouri Department of
Transportation personnel regarding general road conditions. Mr. Lonnie Blasingame, the Mis-
souri Department of Transportation Regional Superintendent for this portion of US 60, provided
information regarding roadwork related to earthquake, slope stability, or flooding issues. In his
experience in the area, which spans the last 14 years, no major roadwork has been required for
slope stability, flooding, or seismicity-related damage. In general, work along the roadway has
been to fill small potholes, and to cut expansion joints because the summer heat permanently ex-
pands the concrete, creating a potential for buckling of the pavement.

The majority of the field investigation involved drilling of exploratory boreholes, advancing CPT
soundings, and digging shallow test pits. Boring and test pit logs are attached in Appendix A.
The general stratigraphy shown by these logs was summarized in Section 7.2 above.

CPT data summaries are also attached in Appendix A. The st-ratigraphy mdicated by the CPT

soundings was used to confirm and enhance the cross-sections developed for slope stability
analysis and to provide soil density and gradation information for liquefaction analysis.
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8.0 RESULTS OF SITE-SPECIFIC STUDIES
The results of the specific studies at each site are discussed separately below.
8.1 St. Francis River Site

_ 8.1.1 Site Geology

The topography at the St. F rancis River Site is given in Figure 8.1. The following geologic units,
listed from the ground surface downward, characterize local geology at the St. Francis River
Bndge

Approximately 20 feet of low plasticity silty clay,

Approximately 0-15 feet of clayey silt

Approximately 5-10 feet of silty sand,

Approximately 150 feet of coarse sand, containing numerous thin gravel lenses, and,

Limestone bedrock, assumed to represent either the Lower Jefferson City or Upper Roubi-
doux Formations.

'An example cross-section from the St. Francis River Site is shown on Figure 8.2. Figure 8.3
shows the soil profile from boring B-1 for the St. Francis River Site.

8.1.2 Selected Base Rock Motion

Herrmann, (2000) recommends ten rock base motions for PE 10% in 50 years and the other ten
for PE 2% in 50 years for each site. All of the 40 rock motions have been used for one-
- dimensional wave propagation analysis using the SHAKE9! program. Based on wave propaga-
tion analysis, peak ground accelerations for each rock motion were obtained. A total of 12
ground motions were selected based on these peak ground acceleration values.

Table 8.1a lists 5-ground motion for PE-10% in 50 years with corresponding maximum peak
ground accelerations for M6.2 with epicentral distance of 40 km and 5-more ground motions of
M?7.2 and epicentral-distance.of 100 km. Table 8.1b shows listing of ground motion for PE 2 %
in 50 years with different M’s and epicentral-distance. In these tables columns 1-4 are basic data
from Herrmann (2000).

Twelve synthetic ground motions at the rock base (6 for each PE) are selected as representative
of the “worst case scenarios™. They are given in Table 8.1. The associated acceleration-time his-
tories are shown in Figures 8.4a-8.44.

- 8.1.3 Seismic Response of Soil

The SHAKE and SHAKED[T programs were used to propagate the desrgn earthquake base rock
motions to the ground surface. This resulted in peak ground motions and time histories of accel—
_eration at the soil surface, the base of bridge abutments and the piers
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Figure 8.1 St. Francis River Site Topography, Cross-Section and Boring Locations
8.1.3.1 Horizontal Seismic Response of Soil

Figure 8.1 shows the location of the St. Francis River Site. A brief description of the soil profile
mchuding observed SPT (Nobs) and corrected (N, ), values, is shown in Figure 8.3 for borehole
Bl. The subsurface soil consists of up to 25 feet of medium to stiff clay underlain by about 30 ft
of medium dense sand underlain by a dense to very dense sand to a depth of up to 192.0 ft. The
soil profile from bore log Bl, as shown in Figure 8.3 has been used in the seismic response
analysis since Bl is located close to the bridge abutment and there is complete soil information
up to rock base :

The initial shear modulus (G,) as well as shear wave velocity, which are needed in the wave
propagation analysis, are calculated by direct measurement of shear wave velocity up to 35 feet
and by correlation with the measured N;pe value and depths beyond 35 feet. This calculation is
performed in the SHAKEDIT program itself. The non-linear soil _properties such as modulus deg-
radation with shear straln and rnatenal dampmg w1th shear stram have been adopted for each
soil type. ' -
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Figure 8.2 Cross-Section of St. Francis River Site Geology

The calculated peak ground accelerations at each soil level from the wave propagation analysis
were plotted against depth. Figures 8.5a and b show the peak acceleration for PE 10% in 50
years for M6.2 and M7.2 respectively. Figures 8.6a and b show the peak acceleration for PE 2%
in 50 years for M6.4 and M8.0 respectively

tor PE 10 % in 50 years and M6.2 and M7.2 réspect_i_vely, the peak accelerations at the soil sur-
face are higher than those at the base-rock. However, for PE 2 % in 50 years, the peak accelera-

. tions at the soil surface of this site are smaller than those at the base rock.

 8.1.3.2 Resulting Ground Motion Time Histories

Table 8.2a shows the peak horizontal acceleration of design earthquake at the scnl surface, bridge
- abutment and pier respectively for PE 10% in S0 years, Table 8.2b shows similar 1nformatlon for
PE 2 % in 50 years.

Figures 8.7a and b contain 6-plots of surface ground acceleration for PE 10 % in 50 years and
earthquake magmtude M6.2 and M7.2. Slmxlarly, anures 8. 7c and d '
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Table 8.1 Detail of Synthetic Ground Motion at the Rock Base of St. Francis River
Site with Corresponding Maximum Peak Horizontal Ground Acceleration
a. PE 10% in 50 Years

R Max acc. at |Max acc. at
Name Mw (km) rock-base(g)|soil-surface(g)
1) 2) 3) “ 5)
 |SF100101 6.2 40 0.105 0.135
SF100102 6.2 40 0.095 0.128
SF100103* 6.2 40 0.106 0.146
SF100104* 6.2 40 0.100 0.146
SF100105* 6.2 40 0.107 0.151
SF100201* 7.2 100 0.113 0.203
SF100202* 7.2 100 0.136 0.196
SF100203 7.2 100 0.154 0.163
SF100204 7.2 100 0.117 0.173
SF100205* 7.2 100 0.153 0.187
Mw = Magnitude R = Epicentral distance
* Used in further analysis
b. PE 2 % in 50 Years
R Max acc. at. {Max acc. at
Name Mw (km) - |rock-base(g)|soil-surface(g)
(1) (2) 13) 4) (3)
SF020101* 6.4 10 1.069 0.497
SF020102 6.4 10 1.018 0.399
SF020103* 6.4 10 0.845 0.428
SF020104 6.4 10 1.068 0.376
SF020105* 6.4 10 1.089 0.473
{SF020201* g 40 0.604 0.447
SF020202 8 40 0.655 0.362
SF020203* 8 40 0.693 - 0,453
SF020204 - 8 40 0.609 0.378
SF020205* 8 40 0.596 0.391
Mw = Magnitude R = Epicentral distance
* Used in further analysis '
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contain plots of surface acceleration for PE 2% in 50 years and M6.4 and M8.0 respectively Fig-
ures 8.8a, b, ¢, and d show plots of design acceleration time history at the bridge abutment for
(a) PE 10 % in 50 years M6.2. (b) PE 10 % in 50 years M7.2, (c) PE 2% in 50 years M6.4 and
(d) PE 2% in 50 years M8.0.

Similarly Figures 8.9a, b, ¢ and d contain plots of design acceleration time histories at the bridge
pier. ‘

8.1.3.3 Vertical Seismic Response of Soil

Herrmann (2000) also recommended that vertical rock motion is of the same order as the hori-
zontal rock motion. SHAKE9! is used to transmit the horizontal rock motion to the soil surface
and/or any other depth. No such solution is available for transmission of vertical motion. There-
fore the following procedure was adopted to transfer vertical rock motion to desired elevation.

1. Use SHAKE to transfer the P-wave.

2. Adjust peak vertical ground motion to be 2/3 of the peak horizontal ground motion.

3. Adjust the time history to reflect adjustment in (2) above. ‘ '

The calculated vertical time histories of acceleration at the soil surface, the base of bridge abut-
ment and at the bridge pier were also modified as above:

The time histories of the modified vertical acceleration at the soil surface, the base of the bridge
abutment and the base of the pier of each site are presented in Appendix D. It appears that for the
horizontal and vertical time histories of any one event:

1. (k,)max and (kp)max do not occur at the same instant of time.
2. Frequency contents of these two-motions are quite different.

8.1.4 Liquefaction Potential Analysis
The liquefaction potential of St. Francis sites are evaluated by Seed and Idriss (1971) simplified

method as modified by Youd and Idriss (1997). The procedure to obtain liquefaction potential
was explained in Section 5. -
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Table 8.2 Detail of Peak Ground Motion Used at the St. Francis River Site Rock Base,

Ground Surface, Bndge Abutment and Pier.
a. PE 10% In 50 Years

Max. ace. at | Max ace. at Max acc. at Max acc. at
Name rock-base |soil-surface bridge abutment| bridge pier

EL. 149.8. (g)|EL341.8 EL 3334 EL 301.4.

&) (2) (2)

SF100103* 0.106 0.146 0.160 0.126
SF100104* 0.100 0.146 0.160 0.134
SF100105* 0.107 0.151 0.155 0.154
SF100201* 0.113 0.203 0.206 0.214
SF100202* 0.136 0.196 0.200 0.204
SF100205* 0.153 . 0.187 0.190 0.204
b. PE 2 % In 50 Years

Max. acc. at |[Max acc. at Max acc. at Max acc. at
Name rock-base [soil-surface bridge abutment| bridge pier

EL. 149.8. |EL341.8 EL 3334 EL 301.4.

(2) (8 (2) (g)
SF020101* 1.069 0.497 0.514 0.655
SF020103* 0.845 0.428 0.437 0.560
SF020105* 1.089 0.473 0.490 0.602
SF020201* 0.604 0.447 0.457 0.571
SF020203* 0.693 - (.453 0.465 0.544
SF020205* 0.596 0.391 0.400 0.452

8.1.4.1 Cyclic Stress Ratio (CSR), Cyclic Resistant Ratio (CRR) and Factor of Safety (FOS)

Figure 8.10 shows the soil profile and N-values with depth, used for liquefaction analysis. A plot
of factor of safety (FOS), CSR and CRR with depth for PE 10% in 50 years and Magnitude 6.2 is
plotted as well. It can be seen that the soil does not liquefy for PE 10%.in 50 years for Magni-
tude 6.2. However, for a PE of 10% in 50 years, magnitude 7.2, and for PE 2 % in 50 years and
Magnitude 6.4 and 8.0, the soil liquefies to different depths as given in Table 8.4. This table lists
the depths of liquefaction for each earthquake magnitude.

8.1.5 Slopé Stability of Abutment Fills

Slope stability analyses were completed for seven cross-sections for the St. Francis River Site.
Each cross-section was analyzed for both low- and high ground-water conditions under static
analysis and under three sets of pseudo-static earthquake accelerations. Cross-section locations
are shown on Flgure 8.1. The soil propertles used for the analy51s are given in Table 8.4.

An example arialysis output for Cross-Section C-C’ is shown on Figure 8.11. A summary of the
St. Francis River Site analyses is included in Table 8.5. In general, the site slopes appear to be
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stable under static conditions, with both low and high ground-water tables, with factors of safety
ranging from 1.93 to 3.96. When subjected to an earthquake with a 10% exceedance probability
in 50 years (10%PE), slopes continue to show stability, with factors of safety ranging from 1.19
to 3.91. When subjected to an earthquake with a 2% PE, factors of safety less than or approxi-
mately equal to one are calculated for all cross-sections except G-G’ for low water conditions,
and all section for high water conditions. The analysis set 2, using adjusted PHGA with corre-
sponding adjusted PVGA showed the lowest factors of safety. Expected failure planes pass
through both the roadway and bridge piers.

Table 8.3 The Different Zones of Soil Liquefaction for Different Factors of Safety, St.
Francis River Site '

! Zones of Soil Liquefaction
Factor of PE 10% in 50 years PE 2% in 50 years
Safety Meé.2 M7.2 Mé6.4 MS.0
<1.0 No - 10-12.5 8-22, 64-68, 71-85 6-110
<1.1 No : 9-13 8-24, 64-68, 70-91 6-145
<1.2 No 8-14, 19-20 8-32, 61-93 6-180
<1.3 No 8-15, 18-20 8-44, 61-94 5-180
<14 No 8-16, 18-20, 64-65, 75-80 8-94 5-180

Table 8.4 Soil Properties Used for the Slope Stability Analysis,
St. Francis River Site

Soil Characteristics*

Class Ymoist (PCf) ?&mud (Dd) ¢ (PSD ¢ (deg.)
CL 121.3 133.5 860 30
ML 106.0 122.5 450 34
SM 115.0 127.0 50 35
SP 134.9 141.9 0.0 40

* Soil characteristics obtained from slope stability procedures, Section (5.5.1)

These results indicate that slopes at the St. Francis River Site are expe‘c'ted to be stable under
small earthquake shaking (10% PE), and unstablie at higher levels of shaking (2% PE), regardless
of the ground-water level. ‘

8.1.6 Flood Hazard Analysis Results

Flood hazards were estimated assuming that an earthquake caused catastrophic failure of water-
way levees in the vicinity of US 60 or failure of the Wappapello Dam, located approximately
eight miles north of US 60. Hazards were estimated based solely on relative elevations of land
and waterways, assuming complete failure of either levees or of the dam. The likelihood of such
failure during an earthquake was not calculated, so the flood hazard analysis is considered a
worst-case scenario: However, levee or dam failure was assumed to occur duririg moderate flow
conditions and not during flood or -elevated water conditions in the waterways.
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Evaluation of the effects of catastrophic failure of the Wappapello Dam was completed by
USACE (1985). In general, they concluded that the peak flooding elevation in the vicinity of US
60 would be 340.0, cresting approximately two hours after failure. The estimated flooded zone
is shown on Figure 8.12. This zone includes 5.7 miles of roadway from the St. Francis River
eastward to approximately 0.4 miles west of Highway WW/TT (which leads to Dudley), and 3.4
mules of roadway from approximately 0.3 miles east of Highway WW/TT eastward to Highway
ZZ. Highway WW/TT runs along the Dudley Ridge. which is slightly higher in elevation than
the surrounding land.

Evaluation of the effects of flooding due to failure of levees was based on a series of topographic
maps covering the entire study section of US 60 (Figure 8.13). This evaluation was field
checked by visual observation of the elevation of the roadway compared to suwrrounding land.
Some of the maps were as old as 1962 vintage without photo revision, so the estimate of the lim-
its of potential flooding should be considered tentative. Furthermore, the roadway elevation was
shown only to 5- foot accuracy, and slight elevatlons or depressmns in the roadway could signifi-
cantly . ~ :
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Table 8.5 Slope Stability Results for the St. Francis River Site

Factor of Safety for Most Sensitive Potential Failure Plane
Cross-Section ‘ |A-A° |B-B |C-C ID—D’ lE-E [F-F |G-G
Static
Low GW 2.63 2.76 2.88 271 2.52 1.93 3.96
High GW 3.06 3.14 3.48 3.23 2.87 2.02 2.67
Pseudo-Static Set 1*
10% PE in 50 vears :
Low GW (0.135) : 1.73 1.74 1.82 1.79 1.59 1.41 2.60
| High GW (0.135) | 161 1.68 1,78 1,72 1.64 1.23 1.74
2% PE in 50 years '
Low GW (0.331) 1.31 1.10 1.17 1.18 1.08 0.98 1.71
ﬂh GW (0.331) (.93 0.97 1.01 1.00 0.94 0.74 1.08
Pseudo-Static Set 2
10% PE (HGA, VGA) :
Low GW (0.135.-0.048) 1.68 1.64 1.76 1.74 1.55 1.39 2.59
Low GW (0.133.-0.048) 1.77 1.75 1.87 1.83 1.62 1.43 2.62
High GW (0.135.+0.048) 1.35 1.61 1.71 1.66 1.54 1.19 1.64
High GW 110.133.-0.048) 1.67 1.73 1.84 1.77 1.63 1.26 1.75
2% PE (HGA, VGA) :
Low GW (0.331.+0.170) 0.95 0.91 0.97 0.99 0.92 0.84 1.58
Low GW (0.331.-0.170) 1.28 1.26 1.33 1.32 1.20 1.08 1.82
High GW {0.331.+0.170) 0.70 0.74 0.78 0.78 0.74 0.57 0.88
High GW (1.331.-0.170) 1.10 .14 1.20 1.17 1.09 0.86 1.25
: Pseudo-Static Set 3
: 10% PE (HGA, VGA)
Low GW (0.012,+0.090) 2.50 2.50 2.71 1.80 2.21 1.89 391
Low GHW (0.0{2,-0.090) 2.57 2.61 281 1.95 2.24 1.89 3.74
| High GW (0.012,+0.090) 2.89 2.98 3.29 3.08 2.74 1.95 2.50
High GW (0.012.-6.090) ’ 2.87 2.94 3.25 3.02 2.70 1.91 2.62
2% PE (HGA, VGA) '
Low GW (0.014,-0.221) 2.39 2.37 2.58 2.49 2.14 1.88 4.06
Low GH (0 .014,-10.221) 2.59 2.66 2.86 2.66 223 |- L89 3.65
| High GW (0.014,+0.221) 2.90 2.46 3.28 3.11 2.78 1.95 2.34
High GW (0.014.-).221) 2.85 2.91 3.21 2.96 2.68 1.88 2.67

* Peak ground acceleration values calculated with the computer program SHAKE Section 5.4.
HGA - Horizontal Ground Acceleration

VGA — Vertical Ground Acceleration

PE - Probability of Exceedance in 50 years

change the degree of anticipated flooding. In generé.l, the following conditions are expected for
cach waterway along the study section, presented in order from west to east:

l. Blue Spﬁng Slo‘ugh Failure of the levee could potential flood a l-mile section of the road-
way ﬂankmg the slough and a 0.25 sectlon of the roadway 1 mile west of nghway FF.

2. St. Francis River — The river is entrenched within a’ Ievee and then ﬂanked by a natural ﬂood-
plam bounded by a second levee to the west and higher ground to the east. Failure of the levees
could potent:ally flood two 0.25-mile secuons of roadway near Highway 51 slightly less than a
mile east of the river.
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I. Mingo, Cypress Creek Lateral, and Prairie Creek Ditches - Failure of the levees for these
ditches could potentially flood the same two sections of roadway at risk from the St. Francis
River, as well as a 0.25-mile section of roadway located 0.75 miles west of the Cypress Creek
Lateral Ditch. Flooding would be limited by levees that did not fail.

2. Lick Creek — The roadway appears to be elevated above the surrounding land in this area,
and flooding is not anticipated.

3. Unnamed Creek 1 mile West of Essex — Failure of levees could potentially flood a 0.1-mile
section of roadway.

4. Bess Slough — It appears that the roadway is elevated in the vicinity of this waterway, except
for 2 0.5 mile section located 0.5 to 1 milé west of Highway FF, which may possibly flood in the
event of a levee failure.

5. Six Unnamed Ditches Between Bess Slough and the Castor River — The roadway and sur-
rounding fields appear to be elevated between Highways FF and N to the west. Areas to the east
which may potentially flood include a 0.5 mile section located 0.5 to 1 mile east of Highway N,
2 sections 100 to 300 feet in length located 1 to 1.25 miles east of Highway N, and a 1 mile sec-
tion located 1.5 to 2.5 miles east of Highway N.

6. Castor River — The river appears to be separated from the original flow source and is ex-
pected to have a limited flowing length and flooding potential.
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Figure 8.12 Estimated Flooding Zone Due to Wappapello Dam Failure
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Figure 8.13 Region of Potential Flooding
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8.1.7 Structure Response of Bridges and Abutments
8.1.7.1 New St. Francis River Bridge

The bridges of interest for this project are located near the New Madrid seismic zone in south-
eastern Missouri. These bridges were modeled in order to determine their susceptibility to earth-
quake damage under various ground motions. They were of particular concern for the Missouri
Department of Transportation, as they are located on a key emergency route that must be kept
open in the event of an earthquake. ' :

8.1.7.1.1 Bridge Description

The bridge discussed in this section is denoted as Bridge A-3709, located in Butler-Stoddard
County on US 60 where it crosses the St. Francis River. It was designed with seismic considera-
tions according to the 1992 AASHTO Specifications. This 292 foot 8 inch bridge consists of
three continuous spans supported by steel plate girders, as shown in Figure 8.14. - The dimen-
sions of these plate girders varied slightly within a span depending on the location of the tension
flange. The interior diaphragms and the cross-frames each consist of two L 3x3x5/16 crossed
over one another. The top and bottom horizontal members on the diaphragms and cross-frames
were L 4x4x5/16. All interior diaphragms were placed perpendicular to the girders. The bridge,
however, was placed at a 20° skew angle, so the ends of the girders were offset from one another
at the ends of the bridge. The cross-frames were constructed differently than the diaphragms in
that they were placed parallel to the abutments, and therefore were not perpendicular to the gird-
ers.

The bridge superstructure is supported by two intermediate bents through fixed neoprene elas-
tomeric pads and two integral abutments at its ends. Each bent consists of a reinforced concrete
cap beam and three reinforced concrete columns. Deep pile foundations support both bents and
abutments. There are 20 piles for each column footing and 11 piles for each abutment footing.

8.1.7.1.2 Bridge Model and Analysis

In order to later analyze this bridge for susceptibility to earthquake damage, the structure was
modeled with the finite element method in the S4P2000 structural analysis program. In this pro-
gram, the bridge can be modeled in three dimensions, and earthquake input data can be used to
simulate how the bridge would respond in the event of an earthquake.

All of the components of the structure were included in the bridge model. These components
include the girders, diaphragms, cross-frames, interior bents and columns, and the bridge deck.
The deck was represented by 241 shell elements with a thickness of 8.5 inches. All girders,
cross-frames, and diaphragms were modeled as 927 frame members. Each frame section was
then assigned member properties, such as material type and cross-section dimensions. The
model also included 792 nodes. I : ' : R
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To further assist in modeling ground soil conditions, springs were used at the base of each col-
umn (six columns total, three on each interior bent). Also, springs were placed at the ends of the
bridge on each abutrhent. The stiffness constants of the springs were taken from Appendix F.

Rigid elements were used to model the abutments in S4P2000.. Because of their presence, the
bridge is relatively stiff and is expected to experience small displacements during earthquakes.
Therefore. a linear time-history analysis was used for the bridge model. For each analysis with
" one directional earthquake excitation. 30 Ritz-vectors were considered associated with the earth-
quake direction. In Table 8.6. a sampling of five of the significant vibration modes are listed
with its period in seconds and a brief description of the motion represented within the given
mode. It should be noted that the fundamental period of the bridge is 0.2519 seconds. In Figures
8.15-8.19, visual representations of the mode shapes described above are shown.

The bridge was analyzed under a total of twelve earthquake ground motions described in Section
8.1.3. Six of the twelve motions correspond to a 10% PE level while the others to a 2% PE level.
At each PE level of earthquakes, three were considered as near-field and the other three as far-
field. The intemal loads such as shear and moments and the abutment displacements were ob-
tained at various critical locations. They will be presented together with the vulnerability evalua-
tion of structural members in the next section. It is noted that one bridge analysis was conducted
for '
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Figure 8.14 Bridge General Elevation (New St. Francis River Bridge)

Table 8.6 Natural Periods and Their Corresponding Vibration Modes (New St. Francis River
Brdge)

Mode Number | Period (seconds) | Motion Description
: 1 0.2519 Transverse
i 2 0.2295 Transverse
-3 0.1421 . Vertical
4 - 0.0901 - Longitudinal
5 0.0896 = - Longitudinal
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Figure 8.15 Mode 1, Period 0.2519 Seconds (New St. Francis River Bridge)

Figure 8.16 Mode 2, Period 0.2295 Seconds (New St. Francis River Bridge)
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Figure 8.17 Mode 3, Period 0.1421 Seconds (New St. Francis River Bridge)

Figure 8.18 Mode 4;‘Period 0.0901 Seconds (New St. Francis River Bridge)



Figure 8.19 Mode 5. Period 0.0896 Seconds (New St. Francis River Bridge)

cach directional earthquake excitation due to the special directional combination rule specified in
the AASHTO Specifications (1996). Consequently, a total of 36 runs were completed.

8.1.7.1.3 Detailed Description of Bridge Evaluation

This section is delineated according to the various sections labeled on the spreadsheet of analysis
and results. Each section explains the method and reasoning behind the calculations. The meth-
ods outlined here are mainly taken from the FHWA Seismic Retrofitting Manual for Highway
Bridges (1995) with necessary modifications based on engineering judgment.

The purpose of the analysis was to form a quantitative summary of which components “pass”
and which “fail” due to earthquake motions. To do this, the FHWA Manual outlined a method
for determining Capacity / Demand ratios, which will further be referred to as C/D ratios. The
concept is relatively simple, with the goal to determine whether a component’s capacity is
greater than its demand. If so, the ratio will be greater than one, indicating that there should be
no problems associated with that component. If the capacity is less than the demand, the ratio
will be less than one, indicating that problems may arise with that component in the event of an
carthquake. Although no method is foolproof, these ratios do yield a reasonably accurate meas-
ure of the performance of the structure. o :

8.1.7.1.3.1 Load Combination Rule

tFor all force (moment, sheﬁr, axial) and displacement C/D ratios in this analysis, the 30% Com-
bination Rule was used (AASHTO Division I-A, Section 3.9, 1996) for the effect of two horizon-
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tal ground motions that are perpendicular to each other. This rule states that the
forces/displacements due to transverse and longitudinal earthquake motions are added as fol-
lows:

CASE I: 0.3*(force/displacementpe i mansverse) +
1.0*force/displacementyue w tongitudinat

CASE II: 0.3%( force/displacementyye o longiudinal) + 1.0*force/displacementyye ro ransverse

The above relationship would be used for forces/displacements in both the longitudinal and
transverse directions. The larger of CASE [ and [I would then be combined with the
force/displacement due to the vertical earthquake motion, using a square-root-of-the-sum-of-the-
squares relationship (SRSS).

This combination rule was used in several instances throughout these calculations for various
types of demands on the structure (shear, moment, and axial forces, as well as transverse and
longitudinal displacements).

8.1.7.1.3.2 Minimum Support Length and C/D Ratio for Bearing

Because this bridge has integral abutments, there are no expansion joints, and therefore there is
no need to calculate this capacity/demand ratio. This C/D ratio is only applicable for bridges
with seat-type abutments, which are susceptible to the dropping of exterior spans during earth-
guake motion.

8.1.7.1.3.3 C/D Ratios for Shear Force at Bearings

The first C/D ratios calculated in this section define the behavior of the bolts located at the neo-
prene elastomeric pads on the cap beams at the interior bents. In both the transverse and the lon-
gitudinal directions, there are two bolts for capacity. From the bridge analysis the shear demand
at each of these points was determined and the maximum demand among these points was used
to compute the C/D ratio for the “worst case”. Before these shear values were used in determin-
ing the C/D ratios, the vatues were compared to 20% of the axial dead load at that location
(FHWA, 1995). The greater of these two values were used in the subsequent calculations.

The second set of C/D ratios in this section involves the embedment length and edge distance
requirements for the bolts discussed in the previous paragraph. First, the required embedment
length was found from Table 8- 26 of the LRFD AISC Manual (1998). This length, for the 2.5-
. inch diameter rods that were used on this bridge, is 42.5 inches. From the plans, it is noted that
the rods only extend 25 inches into the concrete. With the check, this results in a C/D ratio less
than one, which would indicate a possible failure due to axial forces acting on the bolts.

Finally, the edge distance'was-chccked using another C/D.ratio. From the same AISC table that
provided the embedment lengths, allowable edge distances were also provided. For the rods
used here, the required distance is 17.5 inches. The actual edge distance was estimated from the
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plans to be approximately 20 inches. This indicates that there should be no problems with the
edge distance provided for the bolts. ' '

Figure 8.20 shows that the combination rule in Section 8.1.7.1.3.1 was used to combine the shear
demands from all directions..

8.1.7.1.3.4 C/D Ratios for Columas/Piers

In this section, the C/D ratios were calculated for all circular columns on the interior bents. Both
the moment demand and capacity are determined below.

Elastic Moment Demand. The first step was to note the elastic moment demands for the top and
bottom of each column in the transverse and longitudinal directions due to transverse, longitudi-
nal, and vertical earthquake motions. They are listed in Tables 8.7, 8.8, and 8.9. The moments
were then combined as per the rule discussed in Section 8.1.7.1.3.1. The resulting moments
from the combination were algebraically combined with the moment due to the dead load. Fi-
nally, the total transverse moment demand and the tota! longitudinal moment demand are com-
bined by squaring each term, summing them, and then taking the square root to get the fina! re-
sulting moment demand. This final calculation yields the value that is ultimately used in C/D
ratio calculations. These final moment demands are shown in Table 8.10.

Moment Capacity. To determine the capacities of these columns, the P-M interaction diagram
for the given column cross-section was used. Given an axial compressive force due to the dead
load (found from the bridge analysis), a moment capacity was found from the interaction dia-
gram. From these moment capacities, column shear forces were found. From these shear forces,
axial forces due to overturning were found. These axial forces due to overturning were com-
bined with the axial dead loads to give new axial totals. From these new axial forces, new mo-
ment capacities were found from the interaction diagrams. These moments were then used to
find new column shear forces. These shear forces were compared to the ones found previously
(using the axial forces which did not include the overturning effect). If these shear forces were
within 10% of the originals, no further iterations would be required. Otherwise, the cycle would
need to be repeated until the shear forces were within the 10% limit (AASHTO, 1996). Refer to
Figure 8.21 for this procedure. In this case, the shears were within the 10% limit, so no iterations
were required. However, the final capacities used for the C/D ratios reflect the use of the newest
shear values to obtain updated axial forces. The change was very minimal, but the final moment
capacities do include the change. ‘

Finaily, the maximum demand from the possible combinations was then used in conjunction with
the determined capacity for the column to determine a C/D ratio for the columns. In most cases,
the C/D ratios were well below one, indicating insufficient column strength for elastic seismic
demand. However, when the columns experience inelastic deformation, the seismic demand re-
duces due to energy dissipation. To account for the above effect, the ductility indicator was used
with these ratios (FHWA, 1995). Since the two interior bents each had multiple columns, ductil-
ity of 5 was applied to each ratio (AASHTO, 1996). - In all cases, this multiplier increased the
ratios to values above one. Table 8.11 summarizes the moment C/D ratios. As noted above, the
capacities in this table are slightly different than those in Figure 8.21, as they reflect the change
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due to the updated shear and axial forces. This note was made simply for the sake of explaining
the origin of the capacity values. Within the section where column moment capacities were ex-
amined, FHWA (1993) also outlined guidelines for examining capacities for the footings of the
columns as well. Assuming a fixed pile cap, the moment and axial compressive strength for each
pile foundation are both determined approximately by the vertical pile capacity. Usilig simple
geometry concepts and forming relationships between axial compressive loads, moments, rota-
tions of the footing (denoted as 6), and displacements due to these rotations (denoted as d), ca-
pacities of the footings were calculated.

The procedure involved first determining moments corresponding to various 9 values. A mo-
ment-rotation curve was then plotted for a constant value of axial load (such as zero). The foot-
ing capacity corresponding to the case of P = 0 kips was calculated for this bridge. Assuming
that P = 0, various values of 8 were examined. For each different 8, pile displacements were de-
termined, and using these displacements multiplied by the pile stiffness, axial loads were found.
These axial toads were then used in a basic summation of moment equation. It was from this
summation of moments equatlon that the moment value was taken for the moment-rotation plot.
The plateau of this curve is taken as the moment capacity

(/D RATIOS FOR SHEAR FORCE
Dueto Lue to Due to
Longitudinal | Transverse | Vertical | Combined
EQ EQ EQ Effect

Vy(d)trans = 422 48.6 328 695 |Jkips =078
Vidlong=| 328 418 328 663 |kips e

_ : F,=040°F,4 28
As per FHWA procedure, Vy,(d) must be mutipied by dod 25 din
1.25 before calculating the C/D ratio. . values shown in o1l
table are wio 1.25 factor. C Aa 491w

in trmsverse direction, capacity determined by 2 bolts ——p  Vi{c)irans 2062 lap
in longitudinal direction, capacity determined by 2 bolts —9  [Vi{c)long=} 2062 (kip

The shears shown here are the maximum values taken from among all poirts with constraints
- points where superstructure rests on bearing beam at interior bents - to get the worst case.
" However, ead15hea‘maswrparedm02'Puaﬂ'uemlownm andtherrmmmof
thosemnvzimﬁweusedforﬂ'lecml'a:owlajam's

fers S 237 Vi(©)/ 1.25°Vi(d))

Tisk-ong = 149

11

Embedment Lﬁ'@m.md B in
Embodment Lum,wm 425 _Jin

Ncrrbod -

Edge Distance,y = .
Edee DistanCemune={ 175 |in

Tit-cdae dis. =

Figure 8.20 Shear Force Calculations
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for the corresponding P value. It is well known that the moment capacity would increase with
increasing P values so long as they are less than the balanced axial force. Because it was noted
that the moment capacity for the case of P = 0 is considerably higher than the capacities of the
columns (several orders of magnitude greater), it was deemed unnecessary to proceed with the
entire process of determining C/D ratios for these footings, as they would clearly be more than
adequate. The moment versus rotation relation for the case of axial load equal to zero is plotted
in Appendix H. - |
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Table 8.7 Elastic Moments Due to Transverse Acceleration

_ _ Transverse Longitudinal
' {kip~inch units) Moment, MTm Moment, MLm
SAP fr. # Location Component EQ EQ

21 Bent 2, top column | 28416 8768

24 bottom column | -53652 -12804

30 Bent 2, top column 2 33884 12241

42 bottom ¢olumn 2 -56823 13912

52 Bent 2, top column 3 27290 11790

64 bottom column 3 -52163 -16809

16 Bent 3, top column 4 27171 11744

96 bottom column 4 -52043 -16778

103 Bent 3, top column § 33781 12191
216 bottom column § -36689 -15938
300 Bent 3. top cofumn 6 28131 8663
529  |bottom column 6 -33427 -12698

Table 8.8 Elastic Moments Due to Longitudinal Acceleration

Transverse Longitudinal

. (kip-inch units) Moment, MT"" Moment, MY
SAP fr. # Location Component EQ EQ
21 Bent 2. top column 1 -699 -263
24 bottom column 1 1618 2227
30 Bent 2, top column 2 790 303
42 bottom column 2 1792 2136
52 Bent 2. top column 3 -806 -306
64 bottom colurnn 3 1697 2074
16 Bent 3, top column 4 -795 316
96 bottom column 4 1717 2094
103 Bent 3, top column § -922 296
216 {bottom colurnn 5 1817 2136
300 |Bent3.top column 6 -680 -245
529 |bottom column 6 1644 2207
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Table 8.9: Elastic Moments Due to Vertical Acceleration

Transverse Longitudinal
(kip-inch units) Moment, M+’ | Moment, M,

SAPfr. # Location Component EQ EQ
21 Bent 2, top column 1 -252 115
24 bottom column 1 975 -373
30 [Bent2,top column 2 604 166
42 bottom column 2 -1305 -463
52 Bent 2. top column 3 940 346
64 bottom column 3 -1532 -359
16 Bent 3. top column 4 -865 -340
96 bottom column 4 1438 468
103 Bent 3, top column 5 -591 -172
216 bottom column § 1256 662
300 Bent 3, top column 6 -297 115
529 bottom column 6 900 615

Table 8.10 Summary of All Moment Demands

| Elastic Moment Demands - TOTAL including combined 3 directions

{kip-inch units) Transverse Moment Longitudinal Moment
EQ (from : EQ {from
transverse & | EQ (from transverse & |EQ (from Elastic
Sap tongitudinal | vertical longitudinal | vertical : Moment
fr.# | Location | Component input) input) DL input) input) DL | Demand
21 {Bent2.top column i 28626 -252 -533 8847 115 -178 30525
24 jbottom column | 54137 -975 343 13472 -373 -186 56370
30 |Beni 2, top column 2 34121 604 -39 12332 166 -17 36376
42  |bottom column 2 57361 -1305 258 14553 -463 -230 59513
52 |Bent 2. top column 3 27532 940 401 11882 346 114 0416
04 |bottom column 3 32672 -1532 -58 17431 -359 -348 55669
16 |Bent 3, top column 4 27410 -365 =377 11839 -340 =110 30261
96 [bottom column 4 52558 1438 25 17406 468 339 55517
103 {Bent 3. top column § 34058 -591 116 12280 -172 17 36324
216 ibotiom column 3 57234 1256 -293 16579 602 272 59961
300 [Bent 3. top column 6 283358 -297 561 8737 15 203 30249
529 [bottom column & 33920 900 -576 13360 615 155 | 56158
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1) Using P-M diagrams for columns from SAP2000 tﬁ create following table:

Axial Force
Bent End {tlue v DL} 1.3 Mu Mu
2 top 262 38163 293356
2 bottom 335 56690 43608
3 top 260 38151 29347
3 bottom 3 3606064 43588

2) Colurmn Shear Forces (forces are per column, so total shear for one bent =3 * 266)

Bent 2: Vv, = 266 (Mg + Morom) 7 Lot Leonenn = 29.7 11
Bentd:  V,= 266 |(Muop * Mbonom) / Lw Loibers =} 20.7 1t

3) Axial Forces. due to Overturning

Bent 2: p= 730 (3*V,*L)/ D D={325]f

Bent 3: pP= 729 (3*v,*L.)/D ’ . tdistance between columns)
4} Revision of Momeat Capacity for Iterations

- Tuke new axial forces (P. from 3))

- Using P’s. get new My, Miwiom

- Using new M,y Muaons €1 new columin shear forces

- Compare new shear forces o original ones — are they within 10 %?

- [f not, get new P's and try again, otherwise, use new shears to get new P's and move on

Bent End Axial Force 1.3 Mu Mu
2 1op -468 31324 24095
2 top 992 43306 33312
2 bottom -395 42405 32619
2 bottom 065 63324 48711
3 top -469 31303 24079
3 top 989 41284 11295
3 bottom -397 42353 323579
3 bottom 1061 63283 48679

Revised Shear Capacity:

For each bent (2 & 3): This revised

Bent 2: Vu = (Mtc.;p*-Mbonom)minlLfol + (Mmp+Mbumm)uux"Lcul capaClty accounts for 2 COtumns“

z Since the bent has 3 columns
Vu=| 759.1 !
" l_——‘— multiply value by 1.5 to get shear for

entire bent.

~ Bent ‘3: vu = (Mlt)p+Mhuﬂolll,ﬂlin;l"nﬂ + (Mu1p+MbcxN(!llt)lllax" 1’-'(:ul .
Vu= :

Conipare to 266*3 (for one bent from above. w/3 columns) -

_Check:}j YES - OK (w1thm 10% - move on)

Flgure 8.21 Calculations of Axial Loads and Column Shears.



Table 8.11 Summary of Moment C/D Ratios for Columns

Column
Bent End | Axial Load | Demand | Capacity ¥ ecisiitial ¥ e final

2 top minimum 36376 25225 0.69 347
2 top maximum 36376 13462 0.37 1.85
2 bottom minimum 59513 46083 0.77 3.87
2 bottom maximum 59513 30952 0.52 2.60
3 top minimutn 36324 25225 0.69 3.47
3 top maximum 36324 13462 0.37 .85 Final C/D ratios are
3 bottom minimum 59961 46083 0.77 3.84 equal to initial ratios
1 bottom maximum 59961 10952 0.52 2.58 multiplied by 5,

' ) which is the ductility

- 'NOTE: Capaucities are not multiplied by 1.3 indicator.
. i
8.1.7.1.3.5 C/D Ratios for Hooked Anchorage in Columns

For both the top and bottom of the columns, the adequacy of the anchorage of longitudinal rein-
forcement must be checked. The capacity was determined simply by finding the length of
hooked anchorage at both the top and bottom of the columns. The demand was determined from
an equation outlined in the FHWA Seismic Retrofit Manuai (1995). '

[n both the tops and the bottoms of the columns, the length of anchorage required was less than
the actual length, as taken from the plans. The value for the C/D ratio was found from Figure 78
from the FHWA Manual, and this table was set up in terms of the anchorage geometry and loca-
tion of the anchorage. In this case, the C/D ratio value of 1.0 was not the ratio of li(c) to 1(d).
The aforementioned figure from the FHWA Manual assigned values for C/D ratios depending on
the location of the anchorage (top/bent cap or bottom/footing), as well as the relationship of the
capacity length to the demand length. Based on these parameters, the value assigned for these
C/D ratios is 1.0. The calculations are shown in Figure 8.22.

8.1.7.1.3.6 C/D Ratios for Splices in Longitudinal Reinforcement

In this section, a C/D ratio was determined for the adequacy of the splicing of the longitudinal
reinforcement. The formula used to determine the demand was again taken from the FHWA
Retrofit Manual. The capacity was also found based on the definifion from the Manual. Because
the C/D ratio depends on the column moment C/D ratio, r.., an adjustment needed to be made.
An attempt was made to determine the actual stress in the steel due to the external moment, and
then divide the yield stress of the reinforcement (60 ksi) by this actual stress to form a ratio of
the stresses. This ratio would likely be greater than one, therefore increasing the C/D ratio for
the splices in the longitudinal reinforcement. The method-used a reinforced concrete relationship
to determine steel stresses at service loads. This method did increase the C/D ratio as expected.
For all cases, both for 2% and 10% ground motions. the adjusted C/D ratios were raised above
one, indicating that there will likely be minimal concerns with these splices. All calculations are
shown in Figure 8.23. '
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C/D RATIOS FOR HOOKED ANCRORAGE IN COLUMNS, Ty porrom
' kn 0.7
l(c)= 36 in d,= 127 |in
L =] 19477 lin 1200%k,*dy(£, / (60000(Fc"0.5)) or 15*d, £.=] 60000 |psi
I botmom =] 1.0 ' (choose larger) fo=| 3000 |psi
C/D RATIOS FOR HOOKED ANCHORAGE IN COLUMNS, r,,.,
, : k,= 0.7
L{¢c)= 36 n : d=| 127 [in
L{d)=| 19.477 |in 1200%k,*d,*(f,/ (60000(fc"0.5)) or 15*d, - f,=] 60000 |psi
Tawp |10 (choose larger) - .=| 3000 ipsi
' Fi

gure 8.22: Calculations for Hooked Ancﬁorage in Columns
8.1.7.1.3.7 C/D Ratio for Transverse Confinement

The calculations in this section were similar to those in the previous section. Again, an FHWA.-
defined relationship was used to determine the adequacy of the transverse confinement. The re-
lationship defined for the transverse confinement did include a multiplier. This multiplier was
dependent on adequacy of transverse confinement. Also, this C/D ratio was again dependent on
the column moment C/D ratio, r.. (without including the ductility indicator), several factors, in-
cluding geometry of the confinement as well as properties of the column reinforcement, the con-
crete, and the column cross-section. '

The C/D ratios for all cases were above one. This indicates that there should be minimat prob-
lems with transverse confinement. All aforementioned calculations are shown in Figure 8.24.

8.1.7.1.3.8 C/D Ratio for Column Shear

In this section, a determination was made for column shear forces. On the spreadsheet, severai
parameters were calculated, as per the methodology outlined in the FHWA Manual. The maxi-
mum elastic shear force in the column was determined from the bridge analysis (Ve(d)). The
maximum column shear force, V,(d) was found earlier when determining the ultimate moment
capacities in Section 8.1.7.1.3.4. The other two parameters, Vi(c) and V({(c), are the initial and
final shear capacities of the column, respectively. The initial shear capacity was determined us-
ing equation 11-4 from ACI 318-99. This equation was to be used to find the shear
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C/D RATIOS FOR SPLICES IN LONGITUDINAL REINFORCEMENT., r,,

Add) =

0.04516

Aglc) =

0.2

Fee

= USTE RO E A e

=(Adc)/ Ad))*re <= 2r,

NOTE: r. is from the moment
section - using minimum r,,
value to obtain "worst case™ .
however, the initial vaiue was
used without the ductility
indicator.

NOTE: because r., depends on the moment C/D ratio, which was increased
by the ductility indicator, it must be determined whether rcs can also be
increased. Using the ACI equation for determining steel stress at service
loads, we can form a ratio of the maximum stress in the steel to the actuat
stress in the steet under the given moment (output from SAP2000).

f,=M/A*j*d

L)

n"

in

M= 231953
As=| 33.02
=l 0944
= 406.5
f,= 16.53
les-adj = — N

(i = 1K/3 ; k = (2pn+{pm2)1/2-
pr; p = AdAconare ; N = ES/Ec
where E, = 29000 ksi, E. =
3120 ksi)

(from SAP2000 output - moment trom column comesponding to the r,. used abovel

5= 3 in
f,=| 60000 |psi
L=| 8% lin
£.=| 60000 psi
Apome=| 127 |in?

‘Figure 8.23 Calculations for Splices in Longitudinal Reinforcement

l C/D RATIOS FOR TRANSVERSE CONFINEMENT, r,,

!
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NOTE: re. is from the moment section - using minimum

rec Value to obtain "worst case"”; however, the initial
value was used without the ductility indicator.

(r(d) according to AASHTO Specifications. Division I-A, Section 7.6)

Assume transverse steel is effectively anchored. so k; = 1
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‘Figure 8.24 Calculations for Transverse Confinement
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capacity of members subjected to axial compression. The final shear capacity of the column was
defined in the FHWA Manual. If the axial force, which was taken as approximately 425 k (the
approximate largest axial load experienced by any column), divided by the column cross-

sectional area was greater than 0.1 of ., then ZJZ' was to be used {FHWA, 1995). If the axial

stress was less than 0.1, then a value of zero was to be assumed for Vi{c). In this case, V{c)
was zero. In addition, by assuming a value of zero for the final capacity, the results are slightly
more conservative. The procedure and formulas for these parameters are noted below. From
these parameters, a “Case” needed to be chosen, based on the flow chart from Figure 81 in the
FHWA Manual (1995). This flow chart outlined the process for determining the column shear
C/D ratio. The original moment C/D ratios without the ductility indicator are used in these cal-
culations. .

[n all cases of 2% motions, “Case B was chosen, based on definitions from the FHWA Manual.
This case was needed because at least one of the moment C/D ratios was less than one for each
earthquake. This case was applicable when r.. (column moment C/D ratio) was less than one and
Vic) > Vu(d) > Vi(c). When “Case B” was used, the relationship for the column shear C/D ratio
was the column moment C/D ratio multiplied by an FHWA-defined multiplier. This multiplier.
as shown in the spreadsheet, was based on column geometry (L. = length of column and b, =
width of column) as well as the various shear parameters defined at the start of the section.

For the 10% motions, “Case B” did not apply because the mmal C/D ratios for the columns un-
der these earthquakes were above one. Therefore, the C/D ratios for these earthquakes were de-

termined simply as a ratio of the initial capacity of the column to the maximum shear force in the
column. All calculations are shown in Figure 8.25.

8.1.7.1.3.9 C/D Ratio for Diaphragm and Cross-Frame Members

This section examines the damage caused to the diaphragm and cross-frame members for the
bridge. Both the diaphragms and the cross-frames can be analyzed using the same method be-
cause they are both composed of the same sections (each consisted of two L 3x3x5/16 crossed
over each other with L 4x4x5/16 as the top and bottom horizontal members). Because of very
low moments on these members the members were analyzed based on their axial load capacity
- and demand.

There are two calculations shown for the same capacity/demand ratio. The first uses the full
length of the member spanning diagonally from top to bottom of the diaphragm/cross-frame.
However, since there is a welded connection in the center where the diagonal members meet, the
_second calculation uses half of the total length of the member. This was done because of the
possibility of failure within this connection, thus removing the intermediate brace. It should be
noted that the members were modeled as two halves put together to make a full-length diagonal
member for the. diaphragms and cross-frames. Thls was done with the hopes of more closely

. modelmg the actual bndge conditions,
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/D RATIO FOR COLUMN SHEAR, r,,

Due to Uue to Due to
Longitudinal [ Transverse | Vertical | Combined
i EQ EQ EQ Effect -
SV d=[ 2820 275.40 8.10 284.0  {=Max. calculated efastic shear force
. ’ from among all columns — from SAP2000 output
| Vddr={___ 226 f=(Mrop - Mbortom) / Leol La=| 297 |n
| Vs 632 |=vordthe Afodss . (v from ACI 318- {engh of columns)
L Vde)= 0 {check axial force/ area... if< 99, eqn. 11-4) P ov.=| 2648 |kip
0.1*fc, Vi{c) = 0, otherwise, = 2° — b= 48 lin
‘ (d according to AASHTO Specifications, H»d=| 45865 lin
column Division I, Section 8.16.6.2)
viglds. . use Case .
i check: does colunn yield? (r,, < .U} ‘
NOTE: Cuses 4 & Cdo ot applh 1o this bridge because Vi fc) -~ Vi) > ¥ i) ubvays A= 04 in’
Case B: 1, = [2+{0.75°L/be ((Vi(©) - Vuld)) 7 (V) - fa=l 60000 lpsi
VHCH]*o, use minimum moment C/D ratio for $= 3 n

worst case -- however, the increased moment C/D
4 {ratio was not used - the original value was used
{not including the ductility factor)

|
|
.
l .
|

IFigure 8.25 Calculations for Column Shear

The axial capacities for these members were estimated using load tables from the AISC Manual
(1998). The total load demand on these members was determined using the combination rule
described in Section 8.1.7.1.3.1. The calculations are shown in Figure 8.26.

8.1.7.1.3.10 C/D Ratio for Abutment Displacements

The final section of the spreadsheet outlines the check for abutment adequacy. This test involves
comparing the actual abutment displacements to maximum displacement values given by
FHWA. These maximum values from FHWA are based on previous experiences due to past
carthquakes and engineering judgment. The values are given as three inches of allowable dis-
placement in the transverse direction and six inches of allowable displacement in the longitudinal
direction. '
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C/D RATIO FOR DIAPH RAGM & CROSS-FRAME MEMBERS, r,o., ) ﬁ
Cross - brace members are | 3x3x5/16:

- for "KL", assume pin-pin connection; KL = 1.0"L _

- because of low moment values on the members, assume pure axial, check using AISC LRFD column load tables

Member Capacity =| 1} {kips — approxirately interpolated
Due 1o Due to Transverse| Due to Vertical | Combined (examined all L
Longitudinal EQ £Q EQ Effect - 3x3x5/16 ... chose
Member Denand = 26 443 19 454 -+ fl':'l.oonit:;ahwaleoaded
. direction
Caoss =] (.22 | for worst case)

NOTE: because there is a connection in the center between the diagonal members, it is advisable to re-
ctalculate the C/D ratio using half of the member length, instead of the full length, as used above.

Member Capacity = 30.7 kips -+ {with new L. capacity has increased)
Member Denand = 454 kips - (use same demand as above with the shorter L)

Ferass40.5L =u 068 I

Figure 8.26 Calculations for Diaphragm and Cross-Frame Members

Similar to the determination of elastic moment demands for the columns, the abutment displace-
ments due to all three directions of earthquake motions were also combined using the rule speci-
fied in Section 8.1.7.1.3.1. Figure 8.27 lists the maximum transverse and longitudinal abutment
displacements due to the transverse, longitudinal, and vertical earthquake ground motions. The
displacements were then combined as per the combination rule.

In all cases, no problems were encountered due to abutment displacements. The C/D ratios were
always well over one, indicating that the abutments should remain relatively damage-free (at
least due to displacement) in the event of an earthquake. Refer to Figure 8.27 for abutment dis-
placements calculations.

8.1.7.1.4 Summary of Problem Areas

Based on the step-by-step procedure illustrated in Section 8.1.7.1.3, the bridge was evaluated un-
der twelve ground motions that were selected in Section 8.1.3. A sample summary table of all
C/D ratios for one earthquake is shown in Table 8.12. A summary of all C/D ratios for all earth-
quakes for this bridge is shown in Table 8.13. It can be observed from Table 8.13 that the bridge
experienced minimal problems. As expected, the bridge generally performed more poorly under
the influence of the 2% likelihood earthquakes, which were considerably stronger than the 10%
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C/D RATIOS FOR ABUTMENTS, r,,
Due to Longitudinal | Due to Transverse | Due to Vertical
EQ EQ EQ Combined Effect
maximem transverse displacements: 0.002057 00700 OA04862 0.070623
maximum longitudinal displacemens: .0523 {).1259 0018 0.142730

T d.mans 42.48 I( = 3" capacity in mansverse direction: muximum rarsverse displacement from above)
Fad.long 42.04 —I( = 6" capacity in lonzindiral direction.” maximum longitedinal displacemert from above)

Figure 8.27 Calculations for Abutment Displacements

likelihood earthquakes. In some instances, C/D ratios for various components of the structure
were increased by multipliers and thus indicated no problems because their values were raised
above one. However, it would be advisable to pay careful attention to areas such as columns, for
extensive inelastic deformations could occur at these locations.

Of main concemn are the diagonal members in the cross-frames and diaphragms of the bridge.
The C/D ratios for these members were raised above one in some cases by using the half-length
of the member due to the presence of a weld connection between two diagonal members crossing
over each other. However, for four of the 2% earthquakes, the ratios still fell below one, indicat-
ing that the members may need to be retrofitted. [n the other two 2% €arthquakes, the C/D ratio
was raised to exactly one, indicating that the capacity is just barely enough. '

The strength of the weld at the intermediate brace of the diagonals was calculated to be approxi-
mately 33.4 Kips. According to the bridge analysis, several of the 2% PE motions would likely
cause this weld to fail, since all the axial demands for those earthquakes are greater than 33.4
kips (range from 33 to 45 kips). However, the 10% PE motions do not appear to cause this prob-
lem, as the axial loads for those motions range from 9 to 18 kips.

8.1.7.1.5 Time History Analysis vs. Response Spectrum Analysis

[n order to verify that the response spectrum analysis is as reliable as the time history analysis,
several cases of the response spectrum analysis were run on SAP2000 to compare to the time his-
tory results used for this evaluation.

Tables 8.14, 8.15, and 8.16 show the average of forces or displacements at several key locations
(bottom of column 2, bottom of column 5 and for the maximum abutment displacement) on the
structure for four 2% motions-and also for four 10% motions. The averages for the response
spectrum analysis were compared to the averages for the time history analysis to give an indica-
tion as to how closely these results coincide.
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Table 8.12 Summary of all C/D Ratios for New St. Francis Bridge Structure ~ For One 2% PE
Earthquake

SUMMARY TABLE OF ALL C/D RATIOS FOR BRIDGE STRUCTURE
Bridge A3709, PRO2010! -- all three acceleration directions
Element Description Cfg:iio Cl‘[:a?::in NOTES

beurmg Tha - NOT APPLICABLE TO THIS BRIDGE -
sheur force - transverse Lhtmans 2.37 satisfactory
shear force - longitudinal Titdoug 249 satisfactory

bolt/anchor rod embedment length Cpsiembed 0.59 Unsatisfactory. .. demand exceeds capacity

bolt/anchor rod edge distance Thfcdye dist. 1.14 satisfactory
column top, bent 2. Piun Fec-final 339 . satisfactory
column top, bent 2. P, Tec-final 4.55 satisfactory
column bottom, bent 2. Py, . Tee-tinat 2.80 satisfactory
celunmn bottom, bent 2, P, Cee-final 4.07 satistactory
_ columntop. bent 3. P, - Coc-tinal 3.40 . satisfactory
column top, bent 3, P Tee-final 4.56 satisfactory
column bottom, bent 3. P,,,, Cec-tinal 278 satisfactory
column bottom, bent 3, P, Toc-final 404 satisfactory
hooked anchorage (g: column bottom Tea-bonom 1.00 satisfactory
hooked anchorage (. colunmn top Teawep 1.00 satisfactory
splices in longitudinal reinforcement T R satisfactory
transverse confinement Lec 333 satistactory
column shear Loy 206 satisfactory

diaphragm / cross-frame members Ceross 022 Unsatisfactory.. .demand exceeds capacity

diaphraﬁ; ;:::::;ﬁ;";b:::];: using Temss0sL | (.08 Unsatisfactory. . demand exceeds capacity

abutments - transverse displacement Tyd-rans - 4248 satisfactory
abutments - longitedinal displacement Fadefony - 42.04 satisfactory
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Table 8.13 Summary of C/D Ratios For All Earthquakes at New St. Francis River Bridge

- © w - [ w [ - 7] - o~ w0

< -3 o -] o < - - - - - -
I S e e o e e
[— 237 | 307 | 279 | 307 | 307 | 270 | 307 | 307 | 307 | 307 | 307 | 307
Fotaong 249 | 305 | 297 | 307 | 307 | 2890 | 307 | 307 | 307 | 307 | 307 | 307

; Tt 059 | 050 | 059 | 05 | 0590 | 05 | 050 | 059 | 050 | o059 | o050 | o050
114 1 114 | 114 | 114 | 114 | 114 | 114 | 114 ) 114 ] 114 | 114 | 114
| Focfina 339 | 488 | 454 | 518 | 500 | 381 | 1659 | 1842 | 1586 | 1351 | 944 | 1143 |
foc i 455 | 655 | 610 | 694 | 683 | 511 | 2225 | 2471 | 2128 | 1842 | 1266 | 1534

I| Fec. vt 280 | 395 | 373 | 425 | 415 | 311 | 1339 | 1530 | 1315 | 1092 | 774 | 957
! [ 407 | 574 | 542 | 617 | 602 | 452 | 1945 | 223 | 1910 | 1585 | 1124 | 1390
Feoc-fnan 340 | 491 | 45 | 520 | 507 | 381 | 1663 | 1849 | 1588 | 1353 | 947 | 1147
ot 456 | 65 | 612 | 697 | 680 | 512 | 232 | 2480 | 2130 | 1815 | 1271 | 153
Mot 278 | 395 | 374 | 426 | 413 | 311 | 1340 | 1532 | 1314 | 1003 ]| 775 | o9s8
Testral 404 | 575 | 543 | 619 | 600 | 452 | 1948 | 2227 | 1910 | 1588 { 1126 | 1392
Fosbotiom 1.00 1.00 100 | 100 1.00 | 1.00 1.00 1.00 1.00 1.00 1.00 1.00

Featop 100 [ 100 { 100 | 100 | t00 | 100 | 100 | 1200 | 100 | 100 | 100 | 100
T '_1.11 158 | 148 | 170 | 165 | 124 | 536 | 612 | 526 | 437 | 310 | 3s

fosod 403 | 811 | 720 | 945 | 896 | 504 | 9492 { 12679 | 9291 | 6294 | 3160 | 4898
474 | 448 | 510 | 496 | 373 | 1607 | 1837 | 1577 | 1311 | 920 | 1148

294 | 277 | 316 | 307 | 231 | 1074 | 1267} 108 | 866 | 621 | 74

031 | 030 | 032 | 033 | 025 | 104 | 106 | 093 | 085 | o057 | oss

09 | o9 100 | 100 | 076 | 319 | 324 | 285 | 261 174 | 208

59 59 67 63 48 211 262 220 m 121 162

59 55 62 64 49 201 219 197 | 181 2 143
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Table 8.14 Comparison of Moments for Time History and Response Spectrum Analysis for Col-
umn 2 (New St. Francis RIVCI' Bridge)

Due to 2% motions : Due to 10% motions
transverse longitudinal ' transverse - {longitudinal
Due to - 2 = ~] 2 s Due to N o 8 s
Transverse 3| 23| 23] &3 Transverse »35| 28| us| &3
EQ f2| 221521828 EQ EZ| S| 52| 88
Column 2. IR B Column2. | — B
bottom 36823 ) 58252 | 139121 16363 bottom 9066 | 14924 | 2795 4192
: 41965 | 40841 | 11775 | 11470 11702 | 13059 { 3285 | 3668
36840 | 38104 | 10358 | 10703 14162 § 14511 | 3986 | 4075
37835 | 36107 | 10660 [ 10143 16160 | 14081 | 4532 3954
averagej 43366.] 43326 j 11676 | 12170 ' average| 12998 | 14144 | 3650 | 3972
transverse longitudinal transverse longitudinal
|Dueto | SEE: »| ¢ Dueto 2| Ee| 2| Ec:
Longitudinal | - 2] 835 | « 8| &S Longiudinal | »» S | B % vs| &5
EQ £2|58|£52| 28 EQ £z 53122 8¢
Column 2, Column 2, ~
bottom 1792 | 1958 | 2136 | 2319 bottom 521 665 701 909
1942 1833 2249 | 2503 500 517 593 682
1484 | 1514 | 2089 | 1950 550 563 694 714
_ 1356 | 1328 { 1828 |- 1668 ' 828 | 619 | 848 | 838
average! 1644 | 1658 | 2076 | 2110 average| 600 59 709 786
transverse longitudinal transverse longitudinai
- ~l Es| 2| E: |l Es| | s
Due to 25| 88| eg| 2% Dueto | o5t 25| as| &%
VemicalEQ | £ 2| 22| 221 3 & VeicalEQ | E2]| 85} 22| ¢ &
Column 2, : Column 2. T
bottom 1303 1222 463 462 bhottom 244 232 .| 124 135
1081 1040 398 408 - 267 260 121 141
1133 1069 310 369 369 324 152 153
923 1025 355 458 301 338 150 184
average| 111t | 1089 | 382 424 . average| 295 289 1 137 153




Table 8.15 Comparison of Moments for Time History and Response Spectrum Analysis for Col-
umn 5 (New St. Francis River Bridge) )

Due to 2% motions Due to 10% motions
transverse longitudinal * |transverse longitudinal
E‘ z 3] > % 3] = g o b § ]
Due to wS | 28 | o8 25 Due to v 25 | w8 25
TansverseEQ | E2 | 5 & gé_ g o Transverse EQ Eé 2 & g_‘é ¢ g
Column 5, Column §,
bottom 56689 | 58104 | 15938 | 16292 bottom 9907 | 14880 | 2776 | 4171
41820 | 40742 | 11722 | 11427 11663 | 13037 | 3272 | 3654
36708 | 38010 | 10308 { 10658 14112 { 14475 | 3967 | 4058
: 37924 | 30104 | 10665 | 10123 16085 | 14057 | 4507 | 3942
average| 43285 | 43240 | 12158 | 12125 average| 12942 | 14112 | 3631 3956
transverse longitudinal transverse longitudinal
I[_}:“.‘:udm o B¢ al B ?;’e'.“" dival ol 2 NEE
T4} =] o o @ b7 121t u o = D = o
EQ £z g /E2| g4 EQ £z| 28|22 g8
Column 8§, . Columa §,
bottom 1817 1965 | 2136 | 2308 bottom 536 667 697 004
1959 1841 | 2248 | 2490 507 S8 591 678
1478 1521 2086 | 1940 548 565 693 710
1354 1336 1829 1660 837 623 848 834
average| 1652 1666 | 2075 | 2100 average| 607 593 707 782
transverse longitudinal transverse longitudinat
‘ 3 b : 2 2
: =l g | g8 . e s 8 2] €8
DuetoVertical] o S| 25 [ wS | S8 Dueto Verticall o 3 | 2 8 v S 25
EQ E2)| 8| E2| 8% EQ EZ| s |EZ| g2
Column &, ‘ Column 5,
bottom 1256 1165 662 531 bottom 225 220 145 145
| : 1011 983 509 480 253 245 143 154
1092 1011 419 446 343 |. 306 156 173
874 967 464 520 284 -312 166 202
average| 1058 1032 514 494 average| 276 27 153 169
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Table 8.16 Comparison of Displacements for Time History and Response Spectrum Analysis for

Maximum Abutment Displa

cement (New St. Francis River Bridge)

Due to 2% motions

transverse longitudinal
SEEANIRE
TransveseEQ | S = | 2 % | 2| 8 &
¥Max. Abut.
Disp. 0.07 | 0.069 [0.1259] 0.1294
0.0506 | 0.0484 | 0.093 | 0.0907
0.0442 | 0.0452 | 0.0824 | 0.0848
) 0.047 | 0.0429 | 0.0808 | 0.0792
average|{ 0.053 | 0.05138 { 0.0955 | 0.09603
fransverse longitudinal
Ducto =l B¢ ARE
Longiudinal | o 8 | 25 | 2 8| 23
EQ EZ2 | 22| E2| 58
Max. Abut.
Disp. 0.0021 | 0.00167 | 0.0523 | 0.0485
0.0016 | 0.0013 | -0.05 | 0.0525
0.0012 | 0.00117 1 0.0439 | 0.0408
0.0012 ] 0.00106 | 0.039 | 0.035
average| 0.0015| 0.0013 | 0.0463 | 0.0442
transverse longitudinal
| & o
: | EE >| 25
Dueto Verticall » 5| 25 [ s 8| 23
EQ S| eFIEE G
Max. Abut.
Disp. 0.0009 | 0.00126 | 0.018 | 0.0171
: 0.0013 ! 0.00098 | 0.0137 | 0.0143
0.0011 | 0.0009 | 0.0158 0.0152
0.0009 | 0.00111} 0.0138 | 0.0138
average| 0.0011 0.0153 | 0.0151

0.00106

Due to 10% motions

transverse longitudinal
| 2 s 3
Tnsverse EQ | £ 2 | £ 2| EZ1 8¢
Max. Abut. 1
Disp. 0.0113 ] 0.0177 | 0.0227 | 0.0334
0.0135 1 0.0155 | 0.0264 { 0.029
0.0174 | 0.0172 | 0.0281 | 0.0324
0.0183 | 0.0167 | 0.0368 | 0.0312
average| 0.01513] 0.01678 | 6.0285 | 0.0315
transverse longitudinal
Due to . 2 o E" . s
Longitudinal 2 32 23 y 9 2%
EQ s2 | g 22 8¢
Max. Abut.
Disp. 0.00044] 0.00046 | 0.0154 | 0.0193
0.00036] 0.00038 1 0.013 | 0.0144
0.00048] 0.00044 | 0.0164 | 0.0151
0.000531 0.00043{ 0.0161 | 0.0178
average| 0.00045] 0.00043 | 0.01523{ 0.01665
transverse longitudinal
7] L
) ) »| € ¢ »| B¢
Due to Vertical| o 3 23 u 8 2 ‘é’_
¥Max. Abut. ’ : '
Disp. 0.00029] 0.00029 | 0.0023 | 0.00255
0.00032{ 0.00026 | 0.00299] 0.00305
0.0004 {1 0.00038 ] 0.00335] 0.00422
0.00038] 0.00036 | 0.00401 0.00409
average| 0.00035| 0.00032 1 0.00316] 0.00348

93




[t can be observed from Tables 8.16-8.18 that the resuits from the response spectrum analysis
agree well with those of the linear time history analysis for the bridge. Therefore the response
spectrum analysis can be used to replace the time history analysis for highway bridges with inte-
gral abutments that can be described with a linear model.

8.1.7.1.6 Comparison of AASHTO Response Spectrum vs. Site-Specific Response Spectrum

A response spectrum was generated based on the 1996 AASHTO Specifications. This response
spectrum was used on both of the new bridges, both at the St. Francis River site and at the Wa-
hite Ditch site. The response spectrum was created using the following parameters: Soil Type
[Il, which yielded an S value of 1.5, and an A value of 0.18, which represents the maximum

ground motion in the area. The plot of the response spectrum that was used for the analyses is
shown in Figure 8.28.

In Figure 8.28, two site specific respon'se spectra were graphically éompared to the AASHTO
response spectrum. [t should be noted that in the region of the structure’s natural period (less
than T = 0.5 seconds) all the response spectrum data are relatively close to one another.

1 0 VU

— Site Specific 100104
= Site Spedific 100201

0 0.5 1 1.5 - 2 25 3
T (seconds)

Figuré 8.28 Comparison of AASHTO Response Spectrum & Site Specific Response Spectrum
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Table 8.17 Comparison of AASHTO Response Spectrum vs. Site Specific Response Spectrum
(New St. Francis River Bridge)

transverse longitudinal fransverse longitudinal
-{Dueto uée !9 gg |9 Due to ﬁm ;:_) §m 19
Transverse | 28| & 23| & Transverse | 38 | & SS| &
S0 S0 @ 2] o «
EQ 8g] 2 (88| % EQ sg| 2 | 82| 2
Column 2, _ Column 5, B '
bottom 14924 4192 bottom 14880 4171
13059 3668 13037 3654
14511 4075 14475 4058
14081 ‘ 3954 - 14057 3942 |
average! 14144 | 14574 | 3972 | 4093 ' average| 14112 | 14525 | 3956 | 4073
transverse longitudinal transverse  |longitudinal
Due to % @ 2 § ® 2 Due to ﬁ ) 2 § o 2
Longitudinal | & 8 5 | 23 & Longitudinal | &8 | & | 83| &
EQ sg| 2 [8&] 2 EQ 6ol & | 81 2
Column 2, - Column 5,
bottom 665 909 ' bottom 667 304
517 682 518 678
563 714 . 565 . 710
619 838 , 623 834
average| 591 780 786 | 1050 average; 593 786 782 | 1046

The results from the AASHTO response spectrum analysis were compared to several of the 10%
earthquake response spectrum analyses that were run on the New St. Francis River Bridge. [t
was expected that these results would be reasonably close to one another. These results are
summarized in Table 8.17.

8.1.7.2 Old St. Francis River Bridge _ _ -
8.1.7.2.1 Bridge Description

The bridge under consideration is denoted as Bridge A-3708, located next to the new St. Francis
River Bndge that was analyzed and evaluated in Section 8.1.7.1. It was designed in 1977 with-
out seismic considerations. This 294 foot 1 inch bridge consists of three spans supported by steel
plate girders, as shown in Figure 8.29. The dimensions of these plate girders varied slightly
within a span depending on the location of the tension flange. The interior diaphragms and the
. cross-frames each consists of two L 3x2%x5/16 crossed over each other. The top and bottom
horizontal members on the diaphragms and cross-frames were L 4x4x5/16. All interior dia-
phragms and cross-frames were placed parallel to the abutments of the bridge. The bridge, how-
ever, was skewed ata- 20° ang!e so the ends of the glrders were offset ﬁ'om one another at the
ends of the - .
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Figure 8.29 Bridge General Elevation (Old St. Francis River Bridge)

bridge. Therefore. these diaphragms and cross-frames were not perpendicular to the girders be-
cause of the angle of the structure.

The bridge superstructure is supported by two intermediate bents through one fixed bearing and
one expansion bearing, along with seat-type abutments at its ends. Each bent consisted of a rein-
forced concrete cap beam and three reinforced concrete columns. Deep pile foundations support
both bents and abutments. There are 12 piles for each column footing and 16 piles for each
abutment footing. Two expansion joints were constructed at the ends of the bridge.

8.1.7.2.2 Bridge Model and Analysis

The bridge was modeled with the finite element method in the SAP2000 structural analysis pro-
gram to analyze this bridge for susceptibility to earthquake damage.

All of the components of the structure were included in the bridge model. These components
include the girders, diaphragms, cross-frames, interior bents and columns, and the bridge deck.
The deck was represented by 52 shell elements with a thickness of 8.5 inches. All girders, cross-
frames, and diaphragms were modeled as 633 frame members. Each frame section was then as-
signed member properties, such as material type and cross-section dimensions. The model also
included 346 nodes.

To model ground soil conditions, springs and dashpots were used at the base of each column (six
columns total, three on each interior bent). To account for passive soil pressure, “gap” elements
with zero gap width were placed at the ends of the bridge on each abutment. A bilinear model
was considered in the computer analysis.' The soil body behind each abutment is considered to
be mobilized when the displacement at the top of the abutment exceeds 0.5% of the abutment
height (FHWA, 1995). The stiffness constants of the soil, which were input as part of the “gap”
clement information, were taken from Appendix F. - :

Rigid elements were used to model the abutments in S4P2000. However, unlike the New St.
Francis River Bridge. the abutment rigid elements were modeled separated from the rest of the
structure to represent the ‘expansion joints between the abutment and the bridge structure. The
expansion joints were modeled with several “gap” elements. Together with other “gap” elements
on the abutments and the damper at the pile foundation, the bridge structure becomes a geometri-
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cally nonlinear system. Therefore,: a non-linear time-history analysis was used for the bridge
model.

For each separate analysis using one directional earthquake excitation, 30 Ritz-vectors were con-
sidered associated with that earthquake direction. In Table 8.18, a sampling of five of the sig-
nificant vibration modes are listed with its period in seconds and a brief description of the motion
represented within the given mode. The mode shapes are shown in Figures 8.30-8.34.

The bridge was analyzed under a total of twelve earthquake ground motions described in Section
8.1.3. Six of the twelve motions correspond to a 10% PE level while the others to a 2% PE level.
At each PE level of earthquakes, three were considered as near-field and the other three as far-
field. The internal loads such as shear and moments and the abutment displacements were ob-
tained at various critical locations. They will be presented together with the vulnerability evalua-
tion of structural members in the next section. It is noted that one bridge analysis was conducted
for each directional earthquake excitation due to the special directional combination rule speci-
fied in AASHTO Specifications (1996) and the nonlinear effect of the expansion joints and pile
foundations on the bridge responses. Consequently, a total of 36 runs were completed.

8.1.7.2.3 Bridge Evﬁluation

The sarne procedure that was used for the New St. Francis River Bridge in Section 8.1.7.1.3 was
followed for Old St. Francis River Bridge, denoted bridge A-3709. Again, C/D ratios were the
main factor in determining whether a structural component would likely experience problems
during

Table 8.18 Natural Periods and their Corresponding Vibration Modes (Old St. Francis River
Bnidge)

Mode Number | Period (seconds) Motion Description
1 1.3173 Longitudinal
2 0.4773 Transverse
3. 0.3673 Transverse
4 0.2065 Vertical |
5 0.1501 Longitudinal
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Figure 8.30 Mode 1, Period 1.3173 Seconds (Old St. Francis River Bridge)

Figure 8.31 Mode 2, Period 0.4773 Seconds (Olci St. Francis River Bridge)
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Figure 8.32 Mode 3, Period 0.3673 Seconds (Old 'St. Francis River Bridge)

Figure 8.33 Mode 4, Period 0.2065 Seconds (O!d St. Francis River Bridge)
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Figure 8.34 Mode 5. Period 0.1501 Seconds (Old St. Francis River Bridge)

an earihquake. Any C/D ratio equal to or greater than one would indicate that the component
would probably not experience major problems during earthquake motions.

8.1.7.2.3.1 Load Combination Rule

The same load combination rule that was used for the New St. Francis River Bridge evaluation
was employed for this structure as well. This combination rule was used in several instances
throughout these calculations for various types of demands on the structure (shear, moment, and
axial forces, as well as transverse and longitudinal displacements).

8.1.7.2.3.2 Minimum Support Length and C/D Ratio for Bearing

Because this bridge uses seat-type abutments, bearing and support length are essential compo-
nents that must be examined. For this structure, the support length is a small amount short of
what is required. The capacity, or actual support length for this bridge, was estimated at 23
inches. However, based on the definition of required support by FHWA, approximately 24
inches of length was needed. This indicates that the capacity is slightly less than the demand, so
the bearing and support length for this bridge need to be examined more closely, as it could lead
to the dropping of exterior spans during an earthquake. ‘ ‘
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8.1.7.2.3.3 C/D Ratios for Shear Force at Bearings

The first C/D ratios calculated in this section define the behavior of the bolts located at the bear-
ing pads on the cap beams at the interior bents. In both the transverse and the longitudinal direc-
tions, there are two bolts for capacity. From the output of SAP2000 the shear demand at each of
these points was determined and the maximum demand among these points was used to compute
the C/D ratio for the “worst case”. Before these shear values were used in determining the C/D
ratios, the values were compared to 20% of the axial dead load at that location (FHWA, 1995).
The greater of these two values were used in the subsequent calculations.

The force demands from each of the transverse, longitudinal, and vertical earthquake motions
were combined to determine their total effect. The shear demands at these locations exceeded

- the capacities of these bolts for all of the 2% and 10% earthquakes. This indicates possible shear
failures in the areas around the connecting bolts at the bearing pads.

The second set of C/D ratios in this section involves the embedment length and edge distance
requirements for the bolts discussed in the previous paragraph. . First, the required embedment
- length was found from Table 8-26 of the LRFD AISC Manual (1998). This length, for the 1.25-
inch diameter rods that were used on this bridge, is 21.25 inches. From the plans, it is noted that
the rods only extend 12 inches into the concrete. With the check, this results in a C/D ratio less
than one, which would indicate a possible failure due to axial forces acting on the bolts
Finally, the edge distance was checked using another C/D ratio. From the same AISC table that
provided the embedment lengths, allowable edge distances were also provided. For the rods
used here, the required distance is 8.75 inches. The actual edge distance was estimated from the
plans to be approximately 22 inches. This indicates that there should be no problems with the
edge distance provided for the bolts.

8_.1.7.2.3.4 C/D Ratios for Columns/Piers

In this section, the C/D ratios were calculated for all columns on the interior bents. The first step
was to note the elastic moment demands for the top and bottom of each column in the transverse
and longitudinal directions due to the combined effect of transverse, longitudinal, and vertical
earthquake motions. The resulting moments were algebraically combined with the moments due
to the dead load. This final calculation yields the value that is ultimately used in C/D ratio
calculations.

The capacities of these columns were found in the same way as for the columns of the New St.
Francis River Bridge. Again, the P-M interaction diagrams were used in conjunction with the
iterative method for determining the axial load due to overtummg, as well as the resultmg shear
force.

Fmally, the maximum demand from the poss1ble combinations was then used in conjunction with
the determined capacity for the column'to determine.a C/D ratio for the columns. In most cases,
the C/D ratios were well below one, indicating insufficient column strength for elastic seismic
demand. However, a multiplier of 5 was applied to each ratio for the multiple-column bents. In
all cases except for one of the 2% earthquakes, this multiplier increased the ratios to values



above one. This indicates that the columns will probably not cause problems, as long as the re-
bars are properly detailed in the plastic hinge zone.

As was outlinied in the section discussing the New St. Francis River Bridge, capacities of the
footings were also examined. The method used was identical to what was used previously, with
the only adjustment accounting for the different number of piles and the different pile configura-
tions. The plot of moment versus rotation for the case of axial load equal to zero is shown in
Appendix H. It was noted that the moment capacity for this case is considerably higher than the
capacities of the columns (several orders of magnitude greater). Therefore, it is unlikely that the
tootings would yield before the bottoms of the columns. o

8.1.7.2.3.5 C/D Ratios for Reinforcement Anchorage in Columns

For both the top and bottom of the columns, the adequacy of the anchorage of longitudinal rein-
forcement must be checked. The capacity was determined simply by finding the length of an-
chorage at both the top and bottom of the columns. The demand was determined from an equa-
tion outlined in the FHWA Seismic Retrofit Manual. '

At the tops of the columns, the anchorage was straight, whereas at the bottoms of the columns,
the anchorage was hooked. However, in both cases, the actual length of the anchorage, which
was estimated from the bridge plans, appeared to be less than the required lengths. These re-
quired lengths were determined from equations defined in FHWA (1995). The value for the C/D
ratio was found from Figure 78 from the FHWA Manual, and this table was set up in terms of the
anchorage geometry and location of the anchorage (top/bottom of the column, etc.). Because the
capacity length was less than the demanded length, the resulting C/D ratio was simply the actual
length divided by the required length, and then multiplied by the C/D ratio from the column. To
determine the “worst-case™ scenario, the minimum C/D ratio from among the columns was used
without the ductility multiplier.

For this bridge, the initial C/D ratios for the columns were rather low, and this led to very low
values for the C/D ratios for the reinforcement anchorage. These low ratios indicate that the an-
chorage of this longitudinal steel may be a component of concern.

8.1.7.2.3.6 C/D Ratios for Splices in Longitudinal Reinforcement

This section is not applicable to this structure, as the columns have no splices.

8.1.7.2.3.7 C/D Ratio for Transverse Coufinement

[n this section, a FHWA-defined relationship was used to determine the adequacy of transverse
confinement. This C/D ratio was again dependent on the column moment C/D ratio, r,, without
including the ductility indicator. The relationship defined for the transverse confinement in-
cluded a multiplier as p (FHWA, 1995). This multiplier was dependent on several factors, in-

cluding geometry of the confinement as well as properties of the column reinforcement, the con-
crete, and the column cross-section.
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The C/D ratios for ali cases were above one. This indicates that there should be minimal prob-
lems with the transverse confinement.

8.1.7.2.3.8 C/D Ratio for Column Shear .

In this section, column shear forces were determined following the same procedure as applied to
- the New St. Francis River Bridge previously. The same parameters needed to be calculated, in-
cluding the maximum elastic shear in the columns, the initial shear capacity of the column, the
final shear capacity of the column, and the shear demand on the column. From these parameters,
“Case B was chosen in all cases of 2% and 10% motions based on definitions from the FHWA
Manual. For this case, the relationship for the column shear C/D ratio was the column moment
C/D ratio multiplied by an FHW A-defined multiplier. This multiplier was based on column ge-
ometry (L. = length of column and b, = w1dth of column) as well as the vanous shear parameters
defined in Section 8.1.7.1.3.8.

8.1.7.2.3.9 C/D Ratio for Diaphragm and Cross-Frame Members

This section examines the damage caused to the diaphragm and cross-frame members for the
bridge. They are both composed of two L 3x2%:x5/16 crossed over each other with L 4x4x5/16
as the top and bottom horizontal members. Because of very low moments on these members, the
members were analyzed based on their axial load capacity and demand.

As done for the New St. Francis River Bridge, two calculations for the same C/D ratio were ex-
ercised. The first uses the full length of the member spanning diagonally from top to bottom of
the diaphragm/cross-frame. The second calculation uses half of the total length of the member.
This was done because of the possibility of failure within the connection where the diagonal
members meet, thus removing the intermediate brace. [t should be noted that the members were
modeled as two halves put together to make a full-length diagonal member for the diaphragms
and cross-frames. The axial capacity was found to be less than the demand in most cases, which
indicates that these members may have problems under the influences of strong earthquake mo-
tions.

The strength of the weld at the intermediate brace of the diagonals was calculated to be approxi-
mately 15 kips. According to the analysis, all of the 2% PE motions would likely cause this weld
to fail, since all the axial demands for those earthquakes are greater than the weld capacity (range
from 47 to 69 kips). The 10% PE motions appeared to cause this problem in two of the six exam-
ined cases, as the axial loads for those motions range from 12 to 30 kips.

8.1.7.2.3.10 CI_D Ratio I'or Abutment Displacements

The final section of the procedure outlines the check for abutment adequacy. This test involves
comparing the actual abutment displacemerits to maximum' displacement values given.by

' FHWA. The values are given as three inches of allowable displacement in the trantsverse direc-
tion and six inches of allowable displacement in the longitudinal direction.



The abutment displacements due to all three directions of carthquake motions were determined
to be less than the allowable displacements in all cases. This indicates that the abutments should
remain relatively damiage-free in the event of an carthquake. :

8.1.7.2.4 Summary of Problem Areﬁs _

The bridge experienced some serious problems that will be shown in more detail below. As ex-
pected, the bridge generally performed more poorty under the influence of the 2% likelihood
carthquakes, which were considerably stronger than the 10% likelihood earthquakes.

Table 8.19 lists the C/D ratios of various components for all earthquakes. The following observa-
tions can be made from Table 8.19. '

The first component of concem is the bearing length of this bridge. Because the capacity length
is slightly less than the required length, this component could sustain damage in an earthquake.
Next, the shear capacity at the bearing pads on the interior bents appears to be inadequate, as the
demand outweighed the capacity in all cases. Also, the bolt émbedment length and edge distance
appear to be inadequate, indicating possible problems.

The next components of concern are the columns of this structure. Because the ductility indica-
tor, which increases the column C/D ratios by five times, was used, all columns appeared to per-
form sufficiently, except at one point on two of the 2% ground motions. However, for all cases
for both 2% and 10% ground motions, the longitudinal reinforcement anchorage was insufficient.
This indicates that the ductile behavior of the columns may not be able to develop during a
strong earthquake. Associated with the column ductility, the shear capacity of columns is also
inadequate. For all of the 2% earthquakes, the column shear C/D ratio was less than one, which
indicates some cause for concern.

The final components of concern are the diagonal members in the cross-frames and diaphragms
of the bridge. As indicated by the C/D ratios, these members performed rather poorly.

The C/D 'ratios for these members were raised above one in some cases by using the haif-length
of the member. However, for all of the 2% earthquakes and two of the 10% earthquakes, the ra-
tios still fell below one, indicating a problem that may warrant further investigation.

The strength of the weld at the intermediate brace of the diagonals was calculated to be approxi-
mately 15 kips. According to the analysis, all of the 2% PE motions would likely cause this weld
to fail, since all the axial demands for those earthquakes are greater than the weld capacity (range
from 47 to 69 kips). The 10% PE motions appeared to cause this problem in two of the six exam-
ined cases, as the axial loads for those motions range from 12 to 30 kips.
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8.1.7.2.5 Time History Analysis vs. Response Spectrum Analysis

From the analySIS of the New St. Francis River Bridge, it has been shown that a response spec-
trum analysis is reasonably accurate in the determination of elastic responses of structures. Due
to the presence of the expansion joints in the Old St. Francis River Bridge, the bridge may be-
have in a nonlinear fashion due to the pounding effect. Therefore, it is necessary to compare the
response spectrum analysis with the time history analysis again for thlS bridge to verify the accu-
racy of the spectrum analysis.

Tables 8.20, 8.21, and 8.21 show comparisons for moments and displacements at various loca-
tions on the structure (column 2, column 5 and the maximum abutment displacement). The val-
ues for the same location due to each of the 2% motions and 10% motions were averaged. The
averages for time history results were then compared to those for the response spectra results.
From these tables, the following observations can be made.

Bridge pounding in the longitudinal direction appears to be an issue when dealing with the 2%
. earthquake motions. This became apparent because of the “gap” elements that were used to
model the expansion joints and the soil pressure on the back of the abutments in the non-linear
time history analysis. In the response spectrum analysis, the structural model must be linear and
the “gap” elements could not be used. Therefore, springs were used to model the soil stiffness
. behind the abutments, and the “‘gap” elements, which modeled the expansion joints between the
abutment and the superstructure, were removed.

This caused noticeable differences on the moments and forces on the fixed interior bent (the
other bent was an expansion bearing). Because this bent was fixed to the superstructure, it was
allowed to move much more in the response spectra analysis, as the “gap” elements, which re-
strained the motion in the non-linear analysis, had been taken out. Therefore, it was noticed that
the moments and forces on this bent were approximately two to three times larger than those
noted from the time history analysis. This was only the case for longitudinal motion; the trans-
verse and vertical direction earthquakes saw small variations. However, for the other bent.
which was not fixed to the superstructure, the forces and moments were reasonably close to one
another between the two analyses.

The above phenomenon was noticeable only on the stronger 2% earthquakes. The 10% earth-
quakes yielded different results. Pounding is apparently less of an issue with these motions, and
therefore the moments and forces between the two analyses were closer to one another. There
were some discrepancies, but these may have been attributed to differences in how damping is
handled in the time history and response spectrum analyses. :
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Table 8.19 S.ummary of C/D Ratios for All Earthquakes at Old St. Francis River Bridge

Coratio # 3 | 2 | 2 0 g ) 8 30 2)elz)3|]z
e | 5| B E|E| B S| e E|E)E)EC
—
Fog 0.9¢ 0.96 0.96 0.96 0.96 0.96 0.96 0.96 0.96 0.9% 0.9¢ Q.98
r—__——
Tok-vans 0.6C 0.46 047 043 045 0.30 0.73 0.89 077 0.48 0.5 | 0.50
Totiong 0.62 0.52 057 0.53 ort 011 | 0.8% 0.89 0.99 0.74 0.89 0.78
ra—
(ot-embed 0.5 0.56 0.56 0.56 0.56 0.56 0.56 0.56 0.56 0.58 0.58 0.56
e
it ace aist 251 251 251 251 2.51 2.5 251 2.51 25t 251 25 251
Cocfinal iR 254 1.70 240 235 2.51 8.95 12.46 9.56 540 5.84 5.92
Tecotna - 2.48 in 2.21 312 3.06 3% 11.64 16.21 12.43 7.02 7.60 n
Fac.final 1.34 1.33 1.16 1.53 1.43 163 548 8.19 1.27 334 409 324
|
focteal 1.70 1.68 147 1.4 1.82 2.06 821 10.38 922 423 5.18 4n
e
Focfng 1.77 1.4 1.67 1.66 217 2.19 5.01 728 565 293 125 295
——ALT
Tec.fra .23 20 217 217 283 285 6.51 946 1.35 382 a2 3.84
T
| (- 1.24 0.90 105 1.05 1.12 0.95 213 3.18 246 128 140 1.3
| P 1.57 114 1.33 1.33 142 120 - 270 404 J.12 162 177 1.66
Featotiom 0.16 o011 | 013 0.13 0.14 012 0.27 040 0.31 0.18 013 0.17
=
(- 0.27 0.24 0.25 0.25 0.33 0.33 0.76 1.11 088 | 048 0.48 0.45
oo
s . — — —— — -— — — -— —_— -— -_—
TM B - - - - - - - - - — - -
T 0.90 .68 orr 7T 0.82 0.69 1.56 232 1.80 0.94 1.02 0.96
Toy 085 | 069 081 | 681 0.86 0.73 1.64 245 1.90 0.9% 1.08 1.0t
-
| — 017 0.13 0.14 018 019 0.18 0.5% 0.74 063 G.30 0.37 0.32
o
Teross 050 0.45 034 Q.39 0.42 0.52 048 1.60 201 1.7 0.80 100 0.86
 p— 115 89 98 11.0 1.8 1141 305 427 s 14.3 174 141
' fationg 149 6.7 79 94 109 74 408 629 45.6 101 13.3 100
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To further check the response spectrum and time history a result, a third case was run, for the
longitudinal direction only. This third case used the same model as from the response spectrum
case {(which had no *“gap” elements on the abutments), but it was analyzed using a linear time
history analysis. This case was run for four earthquakes, two each of the 2% and 10% motions.
For the most part, the results lined up reasonably well with the response spectrum results. - The
only discrepancies were similar to the ones mentioned above due to the different ways of treating
the damping matrix of the structure.

8.1.7.2.6 Structure Response of Abutments

The Old St. Francis River Bridge abutment (13.0 m x 2.1 m) is supported on 8§ vertical piles and
8 battered piles. All piles are cylindrical concrete with 0.406 m {16 inch) diameter and 10.67 m
(35 ft) length. The plan and cross section of the bridge abutment are shown in Figure 8.35.

The stiffness and damping factors are calculated using a pile length of 10.67 m (35 ft), a pile ra-
dius of 0.203 m (8 inch), and an elastic modulus of the pile material of 2.15x10” kN/m (1.47 x10°
kips/ft) (Section F.6). Stiffness and damping factors of a single batter piles are 0.8 times that of a
vertical pile. (Prakash and Subramanayam, 1964)

The vertical load acting on the top of bridge abutment is obtained from an analysis of the bridge
" superstructure. Accordingly, a vertical load (Q) of 100 kN (22481 1b) per m of abutment was
used in this analysis. The self-weight of the bridge abutment was calculated by multiplying its
area by the unit wexght of the bridge abutment material (y = 23.58 kN/m’) (150.19 pef). This cal-
culation is done in the program itself. The lateral earth pressure behind the bridge abutment is
calculated using a unit weight of soil of 19.54 kN/m? (122 pcf), internal friction angle of 33° and
friction angle between soil and abutment of 33°. All of loads were modified by a time dependent
seismic coefficient.

8.1.‘7.2¢6.1 Calculated Time Dependent Displacements of Abutment

. Table 8.23 shows for different magnitudes of earthquakes (M), the largest sliding, rocking and
total displacement at the top of the bridge abutment for an earthquake w1th a PE of 10% in 50
- years and one with a PE of 2 % in 50 years, respectively.

Figures 8. 36a and b show the time histories of sliding, rocklng andtotal permanent dlsplacernent
of the Old St. Francis River Bridge abutment for a PE 10% in 50 years for earthquake magni-
tudes of M6.2 and M7.2 respectively. Figures 8.37a and b show the time histories of sliding,
rocking and total permanent displacement of the Old St. Francis River Bridge abutment for a PE
2% in 50 years and magnitudes of M6.4 and M8.0 respectively.

F;gure 8.36a shows a plot of magmtude and SIgmﬁcant number of cycles Table 8.22 also shows
dlsplacement in one significant cycle. :
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Table 8.20 Comparison of Moments for Time Histo

umn 2 (Old St. Francis River Bridge)

ry and Response Spectrum Analysis for Col-

Due to 2% maotions
transverse longitudinal
Due to - 5 = > ;‘é s
Transverse v S 23 v S 235
EQ EZ| 521 EZ2] 8%
Column 2, T
bottom 17677 | 16607 | 16125 | 18257
19718 | 18457 | 19877 | 19745
16591 | 16544 | 13460 | 15270
13982 | 15119 | 17486 | 16400
average| 16992 | 16682 | 16737 | 17418
" transverse longitudinal
g . 2 5
Due to Longi-| o 5 §_ % Q E §. g
ndinalEQ_ | EZ| F&|EZ| g8
[Column 2, T ]
bottom 6155 1 7495 1§ 14430} 13499
6630 | 6385 | 15559 14420
5183 | 6486 | 10537 ] 9923
6367 | 6925 | 12146} 12032
average| 6084 | 6823 | 15168 ] 12469
transverse longitudinal -
- ] o 2 o
Due to En E §_ 71 W E —§, 8
VeicalEQ | EZ| S&]|EZ| 5 &
Column 2, _
bottom 866 879 527 596
} 539 565 339 408
j 095 | 611 376 426
. 036 023 306 508
average| 684 670 437 483

Due to 10% motions

transverse _longitudinal
2 5 8 o
Due to w E‘ é 2l o E § £
TransverseEQ| £E2 | & ]| EZ| g4
Column 2, T
bottom 2927 | 3158 | 2303 | 3448
3544 | 3332 | 2371 3449
7148 7225 3441 6399
5827 7142 4743 7574
average| 4862 5214 | 3215 | 5218
transverse longitudinal
EF) L
_ »| €@ | €@
Duetolongi- | o S| 25| 8| &8
mdinalEQ | E2| T2 ) E2| g &
Column 2, o T —
bottom 1794 1150 | 1564 | 2629
2234 1148 1648 | 2490
3599 1917 | 4908 { 4035
3879 | 2509 | 6069 | 5466
average| 2877 | 1681 | 3547 | 3655
transverse longitudinal
7 ] L
: »| €8 2| E8
Dueto Vertical| w 3| 8% | o & 29
EQ 2| 22|52 88
Column 2,
bottom 135 146 146 149
116 148 141 152
166. | -211 211 193
164 208 191 215
143 178 172 177

average
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Table 8.21 Comparison of Moments for Time History and Response Spectrum Analysis for Col-

umn 5 (Old St. Francis River Bridge)

Due to 2% motions
transverse longitudinal
Due to . 2 = . 1%' o
Transverse P _? § FRE '2 § B
{EQ ££| 52152 28
Column 3. -
bottom 18491 | 18216 | 3457 | 5687
20032 | 20271 | 4515 | 5021
19006 | 18621 | 3816 | 35466
14708 | 16619 | 4097 | 5286
average| [8059-| 18432 { 397F | 5365
transverse fongitudinal
Due to > _% = o 3 =
Longitudinal v 3 25 w 2 23
EQ EZ| 22| E2| 5%
Column §, T — B )
bottom 2834 | 8448 ] 22867 | 75473
3810 | 6334 | 27989 | 54678
3423 | 7719 | 29099 | 69563
3432 | 7909 | 28826 | 70868
average| 3375 | 7603 I 27195 | 67646
transverse longitudinal
3 2
b £ B > =
Due to + 8] 25|28 23
Vertical EQ EZ2] % 2 5_.:31 g8
Column 5,
bottom 755 816 298 279
489 529 167 17t
631 577 221 201
668 378 272 222
average| 636 625 240 -1 218

Due to 10% motions

transverse longitudinal
Due to . ’é o . ‘é o
Transverse - 25| us g 3
EQ 2|52 |21 8%
Column 5§, T T T
bottom 3332 1 3395 1698 865
4168 3667 | 2097 921
7735 8136 | 4182 1870
6815 7879 4772 1991
average| 5563 | 5769 | 3187 | 1412
fransverse longitudinal
Due to =| £ >| B2
Longitudinal u 3 g 3 v S =
EQ Ez2| 521 E21 82
Column §. - T
bottom 610 1120 | 10821 | 9580
730 1170 | 14160 § 10161
4153 2015 | 27024 | 17573
4116 | 2563 | 26333 | 22335
averagel 2402 1717 | 19585 | 14912
transverse longitudinal
2 2 <
Due to v 5 § g v E §_ g
veicalEQ | EZ| BE| EZ| 88
Column 5. T B B
bottom 157 135 181 66
124 141 § 230 73
217 229 305 138
182 207 261 114
average| 170 178 244 98
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Table 8.22 Comparison of Displacements for Time History and Response Spectrum Anatysis for
Maximum Abutment Displacement(Old St. Francis River Bridge)

-Due to 2% motions Due to 10% motions
{ransverse longitudinal _ transverse longitudinal
%Dueto o~ z = > § o Due to - z o - § =
 Transverse y 3 2 ?g,- v 8] &35 Transverse v S| & glesg| 2ag
EQ £2| 82lE2]| %8 EQ EZ| 22| E2| 88
Max. Abut. T Max. Abut. B T T
Disp. 0.2193] 0.1805 ] 0.1393} 0.0858 Disp. 0.0577] 0.0536 | 0.0211] 0.0328
0.1982] 0.2239 } 0.0582 | 0.1246 0.0595 1 0.0485 | 0.0207 | 0.0365
0.1915] 0.2121 | 0.0428] 0.0837 0.0956 } 0.1005 | 0.051 | 0.0337
0.16471 0.16t4 1 003581 0.0841 0.0795 { 0.0778 | 0.0453 | 0.0391
average} 0.1934 | 0.19448 | 0.069 | 0.09455 average| 0.0731 | 0.070i | 0.0345 ] 0.03553
; fransverse longirudinal transverse longitudinal
Ducto »| ¢ | g ¢ Ducto | s > £
‘Longitudinal | w S| 851 o S| &8 Longitudinal | o 5| B35 | S} £ 8
EQ EZ| 881 EZ2| g & EQ EEZ| PE|EZ] 8 &
Max. Abut. T D B Max. Abut. o
Disp. 005141 0.1037 { 0.3877] 0.1741 Disp. 0.0413 | 0.0309 | 0.0882 | 0.0849
0.2477] 0.1117 | 0.7396] 0.26 0.0688 1 0.0332 { 0.1253 | 0.0833
0.2147 | 0.0983 | 0.6232] 0.172 0.1807 | 0.0296 | 0.5778 | 0.0715
0.20231 0.1011 } 0.5379] 0.1737 0.1894 | 0.0381 | 0.5865| 0.087
average| 0.179 | 0.1057 ] 0.5721] 0.19495] . average} 0.1201 ] 0.03295{ 0.3445 | 0.08293
; transverse fongitudinal ' transverse longitudinal
: 8 3 2 B o
iDueto DE §_§ QE §_§ Due to 95 é% “S §_§
Vertical EQ | EZ| SA[EZ] R VericalEQ | E 2| S & | E2| § &
Max. Abut, T - Max. Abut, T
Disp. 0.008 | 0.00761] 0.006 | 0.0121 Disp. 0.0012 {1 0.00149| 0.0018 | 0.0007
. 0.0057 | 0.0085 | 0.003 | 0.00519 . 10.0014]0.00135¢ 0.0023 ] 0.00074
f 0.0068 } 0.00841 | 0.0035 | 0.00528 0.002 | 0.00177] 0.0025 | 0.00125
! 0.0068 { 0.00848] 0.0042 | 0.00536 ' 0.0017 } 0.00192 0.0024 | 0.00089
average| 0.0068 | 0.00825} 0.0042 ] 0.00698 average| 0.0016 } 0.00163 | 0.0023 | 0.0009
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- {b) Cross section of bridge abutment
Figure 8.35 Old St. Francis River Bridge Plans

8.2 Wahite Ditch Site
8.2.1 Site Geology

The following units, listed from the ground surface downward, charactenze local geology at
Wahlte Ditch:

" e Approximately 20 feet of high plasticity clay,
¢ Approximately 170 feet of medium sand, containing numerous thm gravel lenses, and
. Stiff clay, assumed to represent a pomon of the Wilcox Group :

An example cross-section from the Wahite Ditch site is shown on Figure 8.38.
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Several engineering properties of site soil units were measured in the field. These properties are
recorded on the boring logs in Appendix A.

8.2.2 Selected Base Rock Motion

Herrmann, (2000) recommends 10 rock base motions for PE 10% in 50 years and another 10 for
PE 2 % in 50 years. All of the 40 rock motions have been used for one-dimensional wave propa-
gation analysis using the SHAKE9! program. Based on wave propagation analysis, peak ground
accelerations for each rock motion is obtained. Total of 12 ground motions were selected based
on these peak ground acceleration values.

Table 8.24a lists 5-ground motion for PE 10% in 50 years with corresponding maximum peak
ground accelerations for M6.4 with epicentral distance of 40 km. Five additional ground mo-
tions with M7.0 and epicentral distances of 65 km are given as well. Table 8.24b shows listing
for PE 2 % in 50 years with different magnitudes and epicentral-distance. In these tables column
1-4 are basic data from Herrmann (2000). '

As for the St. Francis River site, 12- synthetic ground motions at the rock base (six for each PE)
are selected as representative of the “worst case scenarios”. They are given in Table 8.25. The
associated acceleration-time histories are shown in Figure 8.39a-d.

8.2.3 Seismic Response of Soil

The SHAKE and SHAKEDIT programs were used to propagate the design earthquake base rock

motions to the ground surface. This resulted in peak ground motions and time histories of accel-
cration at the soil surface, the base of bridge abutments and the piers Figure 8.40 shows the

Table 8.23 Displacement at the Top of the Old St. Francis Bridge Abutment

Displacement PE 10% in 50 years PE 2% in 50 years
at top of abutment Mé6.2 M7.2 M6.4 M8.0
Sliding (m) 0.052 0.093 0.096 0.31
Rocking (m) 0.037 0.061 - 0.069 0.21
Total (m) 0.089 0.154 - 0.165 - 0.52
Significant cycles 8 : 11 9 20
Displacement in 1-cycle 0.011 0.014 - 0.018 0.026
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Figure 8.38 Cross-Section of Wahite Ditch Site Geology

location of the Wahite Ditch Site. A brief description of the soil profile including observed SPT
(Nuss) and corrected (N )qo values are shown in Figure 8.41. The subsurface soil consists of 20

feet of high plasticity clay overlying about 170 ft of medium sand containing numerous thin
gravel lenses.

8.2.3.1 Horizontal Seismic Response of Soil

The soil profile as developed from bore hole B1 Figure 8.41), has been used in the seismic re-
sponse analysxs because B1 is located close to the bridge abutment.

The initial shear modulus (G,) was computed using the seismic cone measurements of shear
wave velocity. The seismic cone could be used only to a depth of 42 feet (13 m). G, was calcu-
" lated for depths below 42 ft (13 m) based on the measured Ny, values. This calculation is per-
formed in the SHAKEDIT program itself. The non-linear soil properties, such as modulus degra-

dation with shear stram and materlal dampmg with shear strain, have been ernployed for each
soil type '
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Table 8.24. Detail of Synthetic Ground Motion at the Rock Base of Wahite Ditch Site with Cor-
responding Maximum Peak Horizontal Ground Acceleratlon
a. PE 10% In 50 Years

R Max acc. at Max ace. at
Name Mw {km) rock-base(g) soil-surface(g)
(1 2) 3) 4) (5)
WDI100101* 6.4 40 0.126 0.153
WD100102* 6.4 40 0.119 0.152
WD100103 - 6.4 40 0.136 0.127
WD100104 6.4 40 0.121 0.144
WD100105* 6.4 40 0.13 0.151
WDI100201* 7.0 65 0.124 . 0.185
WDI100202* 7.0 65 ©0.142 0.171
WD100203 7.0 65 0.173 0.171
WD100204 7.0 65 0.144 0.147
WD100205* 7.0 65 0.166 0.180

Mw = Magnitude R = Epicentral distance ~ * Used in further analysis

b. PE 2% In 50 Years

R Max acc. at Max acc. at
Name Mw  }(km) rock-base(g) {soil-surface(g)
(1) ' @2 3 ) (5)
WD020101* 7.8 16 1.549 0.437
WD020102* 7.8 16 1.769 0.478
WD020103* 7.8 16 2.129 ’ 0.512
wWD020104 7.8 16 1.996 ‘ 0.415
WDO020105 7.8 16 1.822 0.423
WD020201 3.0 20 1.442 0.440
WD020202 8.0 20 1.589 0.440
WwWD020203* 8.0 20 1.855 0.525
WD020204* 8.0 20 1.720 0.406
wWD020205* 8.0 20 1.559 0.447

Mw = Magnitude R = Epicentral distance * Used in further analysis

The calculated peak ground accelerations at each soil level, based on wave propagation analysis,
were plotted against depth. Figures 8.42a and b show the peak acceleration for PE 10% in 50
years for M6.4 and M7.0 respectively. Figures 8.43a and b show the peak acceleration for PE
2% in 50 years for M'I 8 and M8.0 respectively.

For PE 10 % in 50 years and M6.4 and M7 .20 respectively, ‘the peak acceleratlons at the soil sur-

face are higher than those at the base-rock. However, for PE 2 % in 50 years, the peak accelera-
tions at the soil surface are smaller than those at the base rock.
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Table 8.25a shows the peak horizontal acceleration for the design earthquake at the soil surface,

bridge abutment and pier respectively for PE 10% in 50 years, Table 8.25b shows similar infor-
~ mation for PE 2 % in 50 years.

8.2.3.2 Resulting Ground Motion Time Histories

Figures 8.44a and b contain six-plots of surface ground acceleration at EL. 307.2 for PE 10 % in
50 years and earthquake magnitude M6.4 and M7.0. Similarly Figures 8.44¢ and d contain plots
for PE 2% in 50 years and M7.8 and M8.0 respectively.

Figures 8.45a, b, ¢ and d contain plots of design acceleration time history at the abutment for (a)
PE 10 % in 50 years M6.4, (b) PE 10 %.in 50 years M7.0, (c) PE 2% in 50 years M7.8 and (d)
PE 2% in 50 years M8.0.

Similarly, Figure 8.46a, b, ¢ and d contain plots for the pier.

Key
A- A" Location §i cross-+2chon tor slops =tabdty analvsis

B-l'?f.'- ] Lovagon af zod botkg and cone penswometer samﬁmg Y v,

%J Losation of tast it

Figure 8.40 Wahite Ditch Site Topography, C"ross-Section and Boring f.oca_tions'
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Table 8.25 Detail of Peak Ground Motion Used at the Wahite Ditch Site Rock Base,

Ground Surface, Bridge Abutment and Pier
a. PE 10% in 50 years

File Name ' [Max. acc. at Max acc. at Max acc. at Max ace. at
rock-base soil-surface  |bridge abutment | bridge pier EL
EL. 106.0 EL 307.2 EL 301.2 269.9
(2) 4] (g) (2)
wWD100101* 0.126 0.153 0.153 0.139
AWDI100102* 0.119 0.152 0.151 0.127
WD100105* 0.13 0.151 0.151 0.120
wD100201* 0.124 0.185 0.185 0.169
wWD100202* 0.142 0.171 0.170 0.146
WD100205* 0.166 0.18 0.180 0.157
b PE 2% in 50 years _
File Name |Max.ace. At |(Max acc. at Max ace. at Max acec. at
rock-base soil-surface  |bridge abutment | bridge pier EL
EL. 106.0(g) EL 307.2 (g)_ {EL 301.2 (2) 269.9 (g)
WD020101* 1.549 0.437 0.440 0.430
WD020102* 1.769 0.478 0.482 0.512
WD020103* 2:129 0.512 0.514 0.522
WD020202* 1.589 0.44 0.446 0.466
WD020203* 1.855 0.525 0.527 0.538
WDQ20205* 1.559 0.447 0.449 0.444

8.2.3.3 Vertical Seismic Response of Soil

Herrmann (2000) stated that vertical rock motion is of the same order of magnitude as the hori-
zontal rock motion. SH4KF9! was used to transmit the horizontal rock motion from the rock
base to the ground surface. No such solution is available for transmission of vertical motion.
Therefore the following procedure was adopted for vertical ground motion determination:.

l Use SHAKE91 to transfer the P-wave.
2. Adjust peak vertical ground motion as 2/3 of peak horizontal ground motion.
3 Adjust the time history to reflect adjustment in (2) above.

The calculated vertical time histories of acceleration at soil surface, base of bridge abutment and
at bridge pier were also modified as above.
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The time histories of the modified vertical acceleration at soil surface, base of bridge abutment

and pier of each site are presented in Appendix F. It appears by examination of the horizontal
and vertical time histories of any one event that: :

. (ky)max and (k,)max do not occur at the same instant of time.
¢  The frequency content of these two ground motions are quite different.

8.2.4 Liquefaction Potential Analysis

The liquefaction potential of Wahite Ditch site is evaluated by the Seed and Idriss (1971) stmpli-
fied method as modified by Youd and Idriss (1997). The procedure to obtain liquefaction poten-
tial is explained in Section 3.

8.2.4.1 Cyclic Stréss Ratio (CSR) and Cyclic Resistant Ratio (CRR) and Factor of Safety
(FOS)

Figure 8.47 shows soil profile and N-values with depth, which have been used for liquefaction
analysis. A plot of CSR, CRR and factor of safety FOS, CRR/CSR with depth for PE 10% in 50
vears and Magnitude 6.4 is plotted. For details see Appendix G.

[t appears that the soil does not liquefy for an earthquake with a M6.4 PE 10% in 50 years. How-
ever, for a PE 10 % in 50 years and M7.0, the soil liquefies between depths of 120 to 130 ft.

In this manner, the soil profile was analyzed for 4-ground motion for each magnitude that gives
the greatest depths of liquefaction. A listing of FOS and the depth at which soil liquefy is given
in Table 8.26.

8.2.5 Slope Stability of Abutment Fills

Slope stability analyses were performed for the Wahite Ditch site. Cross-section locations are
shown on Figure 8.40. Soil properties used for the analysis are given in Table 8.27. An exam-
ple analysis output for Cross-Section C-C’ is shown on Fi igure 8.48. A summary of all analyses
1s included in Table 8.28.

The anticipated behavior is similar to that described for the St. Francis River Site. The site
slopes are expected to be stable under static conditions (F.S. range from 3.48 to 7.76) and 10%
PE loads (F.S. range from 2.05 to 7.40) for both low and high ground-water conditions. Under
2% PE loads, factors of safety are greater than one for all analyzed sections for low ground-water
conditions. Under high water conditions factors of safety are greater than one but less than 1.10
for sections A-A’, C-C’, E-E’, and F-F’, indicating marginal stability.

This site is expected to be stable under small eanhquake conditions. The site is less sensitive to
ambient ground-water levels (w hlch are affected by water levels in the river) than at the St. Fran-
cis River Site. Stability analysis under large earthquake conditions indicates marginal stability at -
the Wahite Ditch Site when ground-water levels are high. :

140



Sod Profile SPT 0 CRR & CSR . Factor of Sataty

0 150 0 2

mcw ' 0 v 'tl‘IiI“II o |!|I|Illl|}l|l||!ll|l!1| 0 :|||I|||l||||!‘l]|!
_ "o, . 7 '
) N L L 4 + \

AN 7

2 Gray i, Very s te . |
M N J ) ;
' ve I :
.74 Sand n i ' .
- Sand ' ] ;
)
" S 'r" :
AN sand, macium dense '

Gs:: -50- [ > 50 o 501 o
Grey medum sand , very w t
w '
w . .
N 14 L 4 L [
" X
7 L ! '
: ' !
£ [ &'} :
bt i

§ oo 00 ¢ 0 L 100+ )t 41004 L
Gray coArse Sand, vary !
dense . V '
1
" 7 . |
1
1
' v [ '
1
R I :
]

<150+ N 7 - -150+ ) o 150-: ' B
]
Serd y 1 :
Gor it . oy i
' v 1 b {!
. I
. 1

-m 'I|‘|]|llll‘||i 'm Illllll||l!llllllillllil .m TIW["III]!I‘F‘I'

N 0 N® TCSR  # CAA

Notes:
- ) is using SHATT results.
SR PLlla: D:\I-0 89 PLOVATIN100ASEL00L0) . gut
. Method ix 1$97 WCEER Werkahop.
1 ASIASPLO0L0Y. MC
t &3 -
L6 .

B

i
3

tEN |
o Base Layer for CIR Analysis (ft): 210.4

Isigms Option: L.F., Barder & E. Boulanger (1997}
SPT Baezgy Ratio: USA/Safecy/Rope: §

_Figure 8.47 Soil Profile, CSR, CRR and Factor of Safety Against Liquefaction at the Wa-
hite Ditch Bridge Site for PE 10% in 50 Years and Magnitude = 6.4

141



Table 8.26 The Different Zones of Soil Liquefaction for Different Factors of Safety, Wahite

Ditch Site
IFactor of Ij)epth of soil Liquefy(ft)
Safety PE10% in 50 years PE 2% in 50 vears
IM6.4 M7.0 7.8 M8.0
1.0 No 120 to 130 20t0201 | 20to 201
1.1 No 120 to 130 20to 201 20 to 201
1.2 No 120 to 130 20 to 201 20 to 201
1.3 No 120 to 130 20 to 201 20 to 201
1.4 No 120 to 130 20 to 201 20 to 201

Table 8.27 Soil Properties Uséd For Slope Stability Aﬁalysis, Wahite Ditch Site

Soil Characteristics*

Ymoist (PCB) | Yeaturatea (pef) | € (psh) 6 (deg.)
Levee Fill 121.3 133.5 858 30
SP 134.9 1419 0.0 40
Sand Lens 134.9 141.9 0.0 40
Gravel 140.0 145.0 0.0 45
Lens

* Soil characteristics obtained from slope stability procedures, Section (5.5.1)
8.2.6 Flood Hazard Analysis Results

Water levels appear to be too low during normal conditions to pose a significant risk of exiting
the channel, even in the event of levee failure. Furthermore, the roadway is elevated above the
surrounding land. One section of roadway located 0.1 to 0.5 miles west of the ditch is at low
elevation and could potentiaily flood.

The remaining section of the roadway east of the Wahite Ditch appears to be elevated and is not
anticipated to experience flooding due to levee failure,

8.2.7. Structure Response of Wahite Ditch Bridges and Abutments

8.2.7.1 New Wahite Ditch Bridge

8.2.7.1.1 Bridge Description

The bridge under consideration in this section is denoted as Bridge A-5648, located in Stoddard
County.on US 60 where it crosses the Wahite drainage ditch. The bridge was designed in 1992
with seismic considerations. This 279 foot 9 inch bridge consists. of three spans of prestressed

concrete girders. The interior diaphragms each consist of a horizontally placed C15x33.9 chan-
nel section. The general elevation of the bridge is shown in Figure 8.49.
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Table 8.28 Slope Stability Results, Wahite Ditch Site

Factor of Safety for Most Sensitive Potential Failure Plane

Cross-Section ja-A° {B-B Jc-c |p-»° JE-E [F-F [G-G
Static
Low GW 3.97 4.1 3.85 4.05 92 394 7.76
High GW . 3.83 4.02 3.74 398 3.51 31438 5.30
Pseudo-Static Set 1*
10% PE in 50 years
Low GW (0.123) 241 2.53 2.32 2.40 2.40 2.41 4.23
High GW (0.123) 2.14 239 2.06 2.20 2.07 2.10 2.79
2% PE in 50 vears
Low GW {0.350) -1.32 1.38 1.27 1.29 1.29 1.28 2.14
| High GW (0.350) 1.10 1.25 1.06 1.11 1.10 1.10 1.39
Pseudo-Static Set 2 '
_ 0% PE (HGA, VGA)
Low GW (0.123.+0.006) 2.40 2.52 2.31 2.38 2.38 2.39 4.22
Low GW (.123.-0.00i6) 2.43 2.54 2.34 241 2.41 2.42 4.25
| High GW (0.123.+0.006) 2.12 2.38 2.05 2.18 2.06 2.08 2.77
High GW (0).123,-0.006) 2.15 2.40 2.08 2.21 2.09 2.12 2.80
2% PE (HGA, VGA)
Low GW (0.350,+0.007) 1.30 1.37 1.25 1.28 1.27 . 1.27 2.12
Low GW (0.350.-0.007) 1.33 1.39 1.28 1.30 1.30 1.30 2.15
| High GW (0.350,+0.007) 1.09 1.24 1.05 1.10 1.09 1.09 1.38
High GW (0.350.-0.G07) 1.12 1.26 1.07 1.12 1.11 1.11 1.41
Pseudo-Static Set 3
10% PE (HGA, YGA)
Low GW (0.008,+0.082) 3.69 3.90 3.57 3.74 3.70 3.68 7.40
Low GW (0.008.-00.082) 3.83 391 3.71 391 3.86 3.80 7.15
t High GW (0.008,+0.082) 3.51 3.94 343 3.66 3.25 3.25 4.82
High GW (0.008.-0.082) 3.66 3.78 3.57 3.81 3.39 3.37 5.06
2% PE (HGA, VGA)
Low GW (0.060,+0.233) 2.58 2.80 2.49 2.57 2.56 2.57 5.22
Low GW (0.060,-0.233) 3.26 3.27 3.15 3.30 3.26 3.24 5.54
High GW (0.060,+0.233) 2.27 2.86 2.20 2.35 2.18 2.22 3.00
High GW (0.060,-0.233) 3.03 3.13 2.94 3.13 2.88 2.91 4.10

* Peak ground acceleration values calculated with the computer program SHAKE, Section 5.4

HGA - Horizontal Ground Acceleration

-VGA - Vertical Ground Acceleration

PE - Probability of Exceedance in 50 years
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Figure 8.48 Example Slope Stability Results for the Wahite Ditch Site

The bridge superstructure is supported by two intermediate bents through fixed bearings and two
integral abutments at its ends. Each bent consists of a reinforced concrete cap beam and two re-
inforced concrete columns. Deep pile foundations support both bents and abutments. There are
20 piles for each column footing and 14 piles for each abutment footing.

8.2.7.1.2 Bridge Model and Analysis

All of the components of the structure were included in the bridge miodel. These components
include the girders, diaphragms, cross-frames, interior bents and columns, and the bridge deck.
The deck was represented by 24 shell elements with a thickness of 8.5 inches. All girders, cross-
frames, and diaphragms were modeled as 167 frame members. Each frame section was then as-

51gned member properties. such as material type and cross- sectlon dimensions. 'I'he model also
included 120 nodes.
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GENERAL ELEVATIOW

' Flgu re 8. 49 Bndge General Elevation (New Wabhite Ditch Bridge)

To further assist in modeling ground soil conditions in S4P2000, springs were used at the base of
each column (six columns total, three on each interior bent). Springs were also placed at the
ends of the bridge on each abutment footing. The stiffness constants of the springs were taken
from Appendix F.

Rigid elements were used to model the integral abutments in SAP2000. Because of their pres-
ence, the bridge is relatively stiff and is expected to experience small displacements during earth-
quakes. Therefore, a response spectrum analysis was used for the bridge model. For each
analysis with one directional earthquake excitation, 30 Ritz-vectors were considered associated
with the earthquake direction. In Table 8.29, a sampling of five of the significant vibration
modes are listed with its period in seconds and a brief description of the motion represented
~within the given mode. Their corresponding mode shapes are illustrated in Figures 8.50-8.54.

The bridge was analyzed under a total of twelve response spectra described in Section 8.1.3. Six
of the spectra correspond to a 10% PE level while the others to a 2% PE level. At each PE level
of earthquakes, three were considered as near-field and the other three as far-field. The internal
loads such as shear and moments and the abutment displacements were obtained at various criti-
cal locations.

Table 8.29 Natural Penods and their Corresponding Vibration Modes (New Wahite Ditch
Bridge)

Mode Number Period (seconds) Motlon Description
1 0.2686 : Vertical
2 0.2558 Transverse twisting
3 0.0915 Longitudinal .
4 0.0854 : Vertical with twisting
5 0.0729 Transverse
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| Figure 8.51 Mode 2, Period 0.2558 Seconds (New Wahite Ditch Bridge)
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Figﬁre 8.53 Mode 4, Period 0.0854 Seconds (New Wahite Ditch Bndge)
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Figure 8.54 Mode 5, Period 0:0729 Seconds (New Wahite Ditch Bridge)
8.2.7.1.3 Description of Bridge Evaluation

The evaluation procedure is the same as used for the bridges at the St. Francis River Site.
Whether or not the C/D ratios were greater than one indicated if their associated components
would experience problems in an earthquake.

8.2.7.1.3.1 Load Combination Rule

The same {oad combination rule was used for the evaluations at the Wahite Ditch Bridge site as
at the St. Francis River Site. This rule was used throughout these calculations for various types
of demands on the strucRire (shear, moment, and axial forces, as well as transverse and longitu-
dinal displacements), '

8.2.7.1.3.2 Minimum Support Length and C/D Ratio for Bearing

This bridge has integral abutments without expansion joints. It is not susceptible to the dropping
of exterior spans during earthquake excitations. :

8.2.7.1.3.3 C/D Ratios for Shear Force at Bearings
The first C/D ratios 'calc;ulated in this section d'eﬁn.g thé behavior of the shear ke'ys'located at the
bearing pads on the cap beams at the interior bents. There are four shear keys on each of the two

interior bents, with 10 reinforcing bars in each key. From the bridge analysis the shear demand
at each of these points was determined and the maximum demand among these points was used
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to compute the C/D ratio for the “worst case”. Before these shear values were used in determin-
ing the C/D ratios, the values were compared to 20% of the axial dead load at that location
(FHWA, 1995). The greater of these two values were used in the subsequent calculations.

- In all cases except for two of the 2% earthquakes, the shear capacities of the keys were adequate.

For these two earthquakes, the capacity was only approximately 85% of the demand. However,
.in several other cases, the C/D ratio for the shear was very close to one, indicating that the capac-
-1ty just barely exceeds the demand. In these cases, it is advisable to pay careful attention to the
shear keys, as they could pose problems under the stronger earthquakes.

8.2.7.1.3.4 C/D Ratios for Columns/Piers

In this section, the C/D ratios were calculated for all columns on the interior bents. The elastic
moment demands for the top and bottom of each column in the transverse and longitudinal direc-
tions due to transverse, longitudinal, and vertical earthquake motions were determined from the
response spectrum analysis.

The maximum demand from the possible combinations was then used in conjunction with the
determined capacity for the column to determine a C/D ratio for the columns. In most cases, the
initial C/D ratios were below one, indicating insufficient column strength for elastic seismic de-
mand. However, when the columns experience inelastic deformation, the seismic demand re-
duces due to energy dissipation. To account for the above effect, the ductility indicator was used
with these ratios. Since the two interior bents each had multiple columns, a multiplier of 5 was
applied to each ratio (AASHTO, 1996). In all cases, this multiplier increased the ratios to values
above one.

As for the bridges at the St. Francis River Site, the footings of these columns were determined to
have moment capacity considerably higher than the capacities of the columns even when the ax-
ial force is zero. Therefore, the footings are expected to perform satisfactorily. The plot for the
moment versus rotation is presented in Appendix H for the case of axial load equal to zero.

8.2.7.1.3.5 C/D Ratios for Reinforcement Anchorage in Columns

For both the top and bottom of the columns, the adequacy of the anchorage of longitudinal rein-
forcement must be checked. The tops of the columns used straight anchorage, whereas the bot-
toms of the columns had hooked anchorage. Because in both cases (top and bottom) the capacity
was greater than the demand, the C/D ratio was one for both cases, indicating that the anchorage
should be adequate. As explained in Section 8.1.7.1.3.5, the values of the C/D ratios here are not
actual ratios of the capacity length and the demand length. Rather, they are values dictated by
the FHWA Manual based on the location of the anchorage and the relationship of the capacity
length and the demand length. '
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8.2.7.1.3.6 C/D Ratios for Splices in Longitudinal Reinforcement
This section is not applicable to this structure, as the columns have no splices.
8.2.7.1.3.7 C/D Ratio for Transverse Confinement

The C/D ratios for all cases were above one. This indicates that there should be minimal prob-
lems with the transverse confinement on the columns of this bridge.

8.2.7.1.3.8 C/D Ratio for Column Shear

In all cases of 2% motions and for four of the 10% motions, “Case B” was chosen, based on
definitions from the FHWA Manual (1995). This case was needed because at least one of the
moment C/D ratios was less than one for each earthquake (before applying the ductility indica-
tor) and Vi(c) > V(d) > V{(c). When “Case B” was used, the relationship for the column shear
C/D ratio was the column moment C/D ratio multiplied by an FHWA-defined multiplier. This

multiplier was based on column geometry (L. = length of column and b. = width of column) as
well as the various shear parameters defined in Section 8.1.7.1.3.8.

For the remaining two 10% earthquakes, “Case B” did not apply because the initial C/D ratios
for the columns under these earthquakes were above one. Therefore, the C/D ratios for these
earthquakes were determined simply as a ratio of the initia! capacity of the column to the maxi-
mum shear force in the column. '

8.2.7.1.3.9 C/D Ratio for Diaphragm Members

The axial capacity of the diaphragm members (C15x33.9) was calculated based on critical buck-
ling stress (Table 3-36 in AISC LRFD, 1998). This table gave values of the stress based on the
effective length to radius of gyration ratio (KL/r). In this case, K was taken to be one to simulate
a pin-pin connection at the ends of the member.

In all cases, the axial capacity of these members appeared to be sufficient, as all C/D ratios were
above one. This indicates that there should be minimal problems with these members.

8.2.7.1.3.10 C/D Ratio for Abutment Displacements

In all cases, the longitudinal and transverse displacements of tﬁé abutm'ents under the combined
effect of three earthquake effects were found to be less than their respective allowable values
specified in the FHWA Manual (1995). This indicates that the abutments should remain dam-
age-free in the event of an earthquake. : :

8.2.7.1.4 Summary of Problem Areas

A summary of all C/D ratios for all'earthquakés for this bridgé is shown in Table 8.30. Based on _
the above study, the bridge generally experienced minor problems.
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The only components that warrant attention are the shear keys located on the bent cap beams of
the structure. I[n several cases, the resulting C/D ratio was less than one, indicating the possibil-
ity of failure for these shear keys.

8.2.7.1.5 Comparison of AASHTO Response Spectrum vs. Site-Specific Response Spectrum

The same response spectrum shown for the New St. Francis Bridge was used for the New Wahite
Bridge as well. The New Wahite Bridge Site is not far from the New St. Francis Bridge Site.
Therefore, the maximum ground accelerations for these sites are nearly the same. For this rea-
son, an A value of 0.18 was again used for this response spectrum.

The results from the AASHTO response spectrum analysis were compared to several of the site
specific 10% earthquake response spectrum analyses that were run on the New Wahite Bridge. It
was expected that these results would be reasonably close to one another. These results are
summarized in Table 8.31. ' '
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Fable 8.30 Summar? of all Earthquakes for New Wahite Ditch Bridge

Nme ¢ o3 )8 b s3Iy sfE|E sz )3
" - = = = -] = =] =] =1 =1 =7T=
fwews | 123 | 107 | 083 | 117 | 084 | 100 | 184 | 238 | 250 | 181 | 178 | 2.0
e | 558 | 551 | 428 | 536 | 438 | 490 | 692 | 789 | 813 | 686 | 683 | 7.33
fwa | 295 | 255 | 195 | 280 | 198 | 240 | 447 | 598 | 639 | 438 |- 432 | 49
rewa | 358 | 309 | 237 | 339 | 240 | 291 | 542 | 7.24 | 7.75 | 531 | 524 | 594
fea | 275 | 238 | 183 | 260 | 185 | 224 | 416 | 555 | 593 | 407 | 402 | 456
rews | 330 | 285 | 219 | 312 | 222 | 269 | 490 | 666 | 7.12 | 489 | 483 | 548
fewa | 295 | 255 | 195 | 280 198 | 240 | 447 | 598 | 630 | 438 | 432 | a9
feas | 358 | 300 | 237 | 339 | 240 | 291 | 542 | 724 | 775 | 531 | 524 | 504
fia | 275 | 238 | 183 | 260 | 185 | 224 | 416 | 555 | 593 | 407 | 402 | 456
fa | 3.30 | 285 | 219 | 342 | 222 | 260 | 499 | 666 | 7.12 | 480 | 483 | 548
febou || 100 | 1.00 | 100 | 100 | 1.00 | 100 | 100 | 100 | 100 | 1.00 | 100 | 100
faws | 100 | 100 | 100 | 100 | 100 | 100 | 100 | 100 | 100 | 1.00 | 100 | 1.00
g S T D D T e e e e
Feseats - - - - - — — - - — - -
e 330 | 285 | 219 | 312 | 222 | 260 | 499 | 666 | 7.12 | 489 | 4.83 | 5.48
o 233 | 201 | 154 | 220 | 156 | 189 | 352 | 637 | 680 | 345 | 340 | 286
e | 592 | 513 | 379 | 587 | 397 | 508 | 1110 | 1249 | 1272 | 1031 | 1077 | 1076
fuwas | 127.64 | 111.51 | 9463 | 12243} 94.03 | 108.29 | 202.68 | 218.95 | 215.80 | 199.98 | 181.80 | 211.24
fawe | 8952 | 77.69 | 6150 | 84.98 | 62.07 | 74.38 | 136.34 | 174.20 | 180.07 | 133.18 | 131.17 | 142.25




Table 8.31: Comparison of AASHTO Response Spectrum vs. Site Specific Response Spectrum
(New Wahite)

transverse longitudinal transverse longitudinal
[ o) o o) o ) o o)
Due to c D e c@® = Due to Ewm = 2w [
Transverse % S| @ 2as| & Transverse | &8 & as %
EQ o8] & [ 88| 2 EQ sg| 2 | 88| =
Column 2, Column 2,
top 9490 560 bottom 10336 734
7093 419 7724 550
9685 571 : 10546 749
| 8645 507 9391 665
average{ 8728 { 8781 | 514 825 average) 9499 | 8085 | 675 475
transverse longitudinal transverse longitudinal
Due to qé @ l-o- § © 09 ' Due to ﬁ © E § ® 19
Longitudinal | & G % 23 % Longitudinal | 8| & | 28| &
EQ ozl 2 [ 88| % EQ sg; 2 | 82 &
Column 2, | Column2, | '
top 24 1 bottom 12 644
25 1 13 648
25 1 13 - 680
30 1 15 831
average| 26 36 1 0 average| 13 19 7 903

8.2.7.2 Old Wahite Ditch Bridge
8.2.7.2.1 Bridge Description

The bridge under consideration in this section is denoted as Bridge [.-927, located in Stoddard
County on US 60 where it crosses the Wahite drainage ditch. The bridge was built in 1952 with-
out seismic considerations in design. This 279 foot 9 inch bridge consists of five spans sup-
ported by steel girders. The interior diaphragms each consist of two diagonal L3x2':x5/16
members crossed over one another. The general elevation of the bridge is shown in Figure 8.55.

The bridge superstructure is supported by four intermediate bents through expansion and fixed
bearings and two seat-type abutments at its ends. Each bent consists of a reinforced concrete cap
beam and two reinforced concrete columns (tapered). There is a reinforced concrete diaphragm
placed between each pair of columns on each bent for additional restraint in the transverse direc-
tion. Deep pile foundations support both bents and abutments. There are 6 piles for each col-
umn footing on bents 2 and 5, 8 piles for each column footing on bents 3 and 4, and 6 piles for
each abutment footing. ‘



" ~m| m, , CEMERAL ELEWATION date: In coon gua/ courens arw amivhed . ntabiiidd
v :#mﬂ-r g By QutnariPy of tha Engimaer, beivoms of fetingd aroper
— - # priee for Shall Da placed vt pior etvations Yar faotingy.

Modvey Fxcovation . s
Figure 8.55: Bridge General Elevation (Old Wahite Ditch Bridge).

8.2.7.2.2 Bridge Mode! and Analysis

All of the components of the structure were included in the bridge model. These components
include the girders, diaphragms, cross-frames, interior bents and columns, and the bridge deck.
The deck was represented by 61 shell elements with a thickness of 6.5 inches. All girders, cross-
frames, and diaphragms were modeled as 550 frame members. Each frame section was then as-
signed member properties, such as material type and cross-section dimensions. The model also
included 356 nodes. '

To take soil effect into account, springs and dashpots were used at the base of each column (eight
columns total, two on each interior bent). Springs were also placed at the ends of the bridge on
each abutment footing. The stiffness constants of the springs were taken from Appendix F,

Rigid elements were used to model the scat-type abutments in SAP2000. Because this bridge
was to be analyzed using a response-spectrum analysis, no “gap” elements could be used (as they
had been on the Old St. Francis Bridge). However, for comparison, several cases were run for
this bridge using a non-linear time history analysis. This time history analysis did include the
necessary “gap” elements to model the expansion joints.

[n this way. the two models could then be compared to note how close the results were to one
another. For each analysis with one directional earthquake excitation, 30 Ritz-vectors were con-
sidered associated with the earthquake direction. In Table 8.32, a sampling of five of the signifi-
cant vibration modes are listed with its period in seconds and a brief description of the motion
represented within the given mode. Their corresponding mode shapes are illustrated in Figures
8.56-8.60. '

The bridge was analyzed under a total of twelve response spectra described in Section 8.1.3. Six
of the spectra correspond to a 10% PE level while the others to a 2% PE level. At each PE level
of earthquakes, three were considered as near-field and the other three as far-field. The internal
loads-such as shear and moments and the abutment displacements were obtained at various criti-
cal locations. o '
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Table 8.32 Natural Periods and their Corresponding Vibration Modes (Old Wahite

Ditch Bridge)
Mode Number Period (seconds) Motion Description
1 0.5641 Longitudinal
2 ‘ : 0.3518 Longitudinal
3 0.1809 Vertical
P4 0.1229 Transverse
5 0.1025 Longitudinal

Figure 8.56: Mode 1, Period 0.5641 Seconds (Old Wahite Ditch Bridge)



Figure 8.57: Mode 2, Period 0.3518 Seconds (Old Wahite Ditch Bridge)

Figure 8.58: Mode 3, Period 0.1809 Seconds (Old Wahite Ditch Bridge)
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Figure 8.59: Mode 4, Period 0.1229 Seconds (Old Wahite Ditch Bridge)

Figure 8.60 Mode 5, Period 0.1025 Seconds (Old Wahite Ditch Bridge)
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8.2.7.2.3 Bridge Evaluation

This section briefly presents the results and explains the reasoning behind the calculations in the
evaluation of this bridge. The evaluation procedure is the same as used for the bridges at the St.
Francis River Site. Whether or not the C/D ratios were greater than one indicated if their associ-
ated components would experience problems in an earthquake.

8.2.7.2.3.1 Load Combination Rule

The same load combination rule was used for the evaluations at the Wahite Ditch Site as at the
St. Francis River Site. This rule was used throughout these calculations for various types of de-
mands on the structure (shear, moment, and axial forces, as well as transverse and longitudinal
displacements).

8.2.7.2.3.2 Minimum Support Length and C/D Ratio for Bearing

Because this bridge uses seat-type abutments, bearing and support length are essential compo-
nents that must be examined. The capacity, or actual support length for this bridge, was esti-
mated at 18 inches. However, based on the definition of required support by FHWA, approxi-
mately 20 inches of length was needed. This indicates that the bearing and support length for
this bridge could lead to the dropping of spans during an earthquake.

8.2.7.2.3.3 C/D Ratios for Shear Force at Bearings

The shear forces from each of the transverse, longitudinal, and vertical earthquake motions were
combined to determine their total effect. The force demands at the bearing pads on the cap
beams at the interior bents exceeded the capacities of the two bolts available for all of the 2%
and 10% earthquakes. This indicates possible shear failures in the areas around the connecting
bolts at the bearing pads.

The C/D ratios for embedment length and edge distance requirements of the bolts are evaluated
with the same procedures as used for the bridges at the St. Francis River site. The embedment
length of the 17 diameter bolts appears to be inadequate, as the length taken from the bridge
plans is 10 inches, and 17 inches are required for proper embedment. This indicates that there
may be problems with the embedment caused by axial forces acting on these bolts.

The edge distance required for these bolts is 7 inches, and from the bridge plans, it appears that
only approximately 6 inches are available. This would imply p0551ble problems with the edge
distances for these bolts.

8.2.7.2.3.4 C/D Ratios for Columns/Piers
In this section, the C/D ratios were calculated for all colurnns on the interior bents. The elastic
moment demands for the top and bottom of each column in the transverse and longitudinal direc-

tions due to transverse, longitudinal, and vertical earthquake motions were determined from the
response spectrum analy51s :
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The maximum demand from the possible combinations was then used in conjunction with the

determined capacity for the column to determine a C/D ratio for the columns. In most cases, the

initial C/D ratios were below one, indicating insufficient column strength for elastic seismic de-

mand. However, when the columns experience inelastic deformation, the seismic demand re-

duces due to energy dissipation. To account for the above effect, the ductility indicator was used
~with these ratios. Since the four interior bents each had multiple columns, a multiplier of 5 was
" applied to each ratio (AASHTO, 1996). In most cases, this multiplier increased the ratios to val-
ues above one. However, on all of the 2% earthquakes, 2 of the columns had C/D ratios less than
one even after the implementation of the ductility indicator. This was due to very high moments
at the bottoms of the columns on the fixed bent.

As for the bridges at the St. Francis River site, the footings of these columns were determined to
have moment capacity considerably higher than the capacities of the columns even when the ax-
ial force is zero. Therefore, the footings are expected to perform satisfactorily. The plot for the
moment versus rotation is presented in Appendix H for the case of axial load equat to zero.

8.2.7.2.3.5 C/D Ratios for Reinforcement Anchorage in Columns

For both the top and bottom of the columns, the adequacy of the anchorage of longitudinal rein-
forcement must be checked. The tops and bottoms of the columns used straight anchorage. The
anchorage at the tops of the columns caused somewhat of a problem, since the available length
of anchorage was less than the required length of anchorage. All C/D ratios for top-of-column
anchorage were less than one, indicating the possibility of failure within this region.

As for the bottom of the columns, further explanation is required. Because the capacity anchor-
age length was greater than the demand length, the FHWA Manual dictated that the C/D ratio
was to be 1.5 multiplied by the C/D ratio of the footing. However, since the capacity of the foot-
ings was estimated to be much larger than that of the columns, it was deemed unnecessary to de-
termine numerical values for the footing C/D ratios. Therefore, each C/D ratio for the bottoms of
the columns was assigned a value of 1.0 to convey the fact that this anchorage should be ade-
quate based on the capacities of the footings.

8.2.‘7;2.3.6 C/D Ratios for Splices in Longitudinal Reinforcement

This section is not applicable to this structure, as the columns have no splices.

8.2.7.2.3.7 C}b Ratio for Transverse Confinement

This section is not applicable as the columns have no transverse reinforcement. This would in-

dicate that the columns will perform inadequately. However the C/D rauos for these columns
. were still computed for mfotmatlonal purposes : »



8.2.7.2.3.8 C/D Ratio for Column Shear

In all cases of 2% miotions and for 10% motions, “Case B™ was chosen, based on definitions
from the FHWA Manual (1995). This case was needed because at least one of the moment C/D
ratios was less than one for each earthquake (before applying the ductility indicator) and Vi(c) >

Vu(d) > Vi(c). When “Case B” was used, the relationship for the column shear C/D ratio was the
minimum column moment C/D ratio multiplied by an FHWA—deﬁned multiplier, which is the
same as was done for the previous bridges.

The shear forces seen by these columns were very large, especially at the bottoms of the col-
umns. Because the maximum shear forces were always found at the column base, the dimen-
sions of the column base were used in the calculations. These large shear forces and lack of
transverse confinement of the columns led to very low C/D ratios for almost all cases. Only for
one of the 10% earthquakes was the ratio above one. This indicates a problem with column shear
capacity that must be retrofitted.

8.2.7.2.3.9 C/D Ratio for Diaphragm Members

The axial capacity of the diaphragm members (L3x2Y%x5/16) was obtained from AISC LRFD,
1998. This method is the same as was used for the bridges at the St.‘ Francis River Site.

As done for the St. Francis River Bridges, two calculations for the same C/D ratio were exer-
cised. The first uses the full length of the member spanning diagonally from top to bottom of the
diaphragm/cross-frame. The second calculation uses half of the total length of the member. This
was done because of the possibility of failure within the connection where the diagonal members
meet, thus removing the intermediate brace. The axial capacity was found to be less than the
demand in most cases, which indicates that these members may have problems under the influ-
ences of strong earthquake motions.

8.2.7.2.3.10 C/D Ratio for Abutment Displacements

(n all cases, the longitudinal and transverse displacements of the abutments under the combined
effect of three earthquake effects were found to be less than their respective allowable values
specified in the FHWA Manual (1995). This indicates that the abutments should remain dam-
age-free in the event of an earthquake.

8.2.7.2.4 Summary of Problem Areas

A summary of all C/D ratios for all earthquakes for this bridge is shown in Table 8.33. This
bridge experienced problems with a variety of components.

First, the available support length is slightly less. than the minimum requlrement mdlcatmg pos-
sible “problem dropping of the exterior spans off their supports earthquake motion. Next, the
shear capacity of bolts at the bearing pads on the interior bents appears to be inadequate, as the
demand outweighed the capacity in all cases. Also, the bolt embedment length and edge distance

appear to be inadequate, indicating possible problems with these components as well. '
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The next components of concern are the columns of the structure. Because the ductility indica-
tor, which increases the column C/D ratios by five times, was used, all columns appeared to per-
form sufficiently, except for the bottoms of the columns on the fixed pier under five of the 2%
ground motions. Associated with the column moment C/D ratios, the shear capacity of columns
is also inadequate. For all of the 2% and five of the six 10% earthquakes, the column shear C/D
ratio was less than one, which indicates some cause for concem. This is also in part due to the
lack of transverse reinforcement in the columns.

The final components of concern are the diagonal members in the cross-frames and diaphragms
of the bridge. As indicated by the C/D ratios, these members performed rather poorly. The C/D
ratios for these members were raised above one in all cases by using the half-length of the mem-
ber. However, there still exists the possibility of a problem that may warrant further investiga-
tion. ' '

8.2.7.2.5 Time History vs. Response Spectrum Analysis

This bridge was analyzed using a response spectrum analysis, much like its new counterpart at
the Wahite Ditch Site. However, this structure was more similar to the Old St. Francis River
Bridge, which had been analyzed using a non-linear time history analysis. Therefore, several
cases using a non-linear time history analysis needed to be run on this bridge to form a basis for
comparison. The results from two analyses are compared in Table 8.34.

Four earthquake cases were run, choosing two each of 2% and 10% earthquakes, with one being
near-field and one being far-field for each likelihood level. Only the longitudinal and transverse
earthquake effects were analyzed, as they are the major contributors to the earthquake response
of the structure. Also, the vertical responses seemed to change very little, as noted from the
comparison of time history results to the response spectrum results for the St. Francis River
bridges.

In all cases that were compared, the results of the two analyses were reasonably close. The dif-

ferences between the values were typically low. These results indicate that the response spec-
trum analysis is an adequate alternative to the time history analysis for this bridge.
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Figure 8.61 Bridge General Elevation (Old Wahite Ditch Bridge)
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“ Table 8.33 Summary of all Earthquakes for the Old Wahite Ditch Bri;:lge

s P s 2 z = s s = s g

S = 2 2 ) = S = 2 g 2

sphsf s s sy 8|8 2= el 2

[ nu o9 | 09 | 050 | 09 | 09 | 0% | 09 | 0% | 6% | 0% | 0% | o%
[ newe ) 007 | 006 | 007 | 008 | 006 | 006 | 016 | 04 | 03 | 0.3 | o3 | 010
05¢ | 046 | o4 | 048 | 045 | 042 | o7 | 068 | 065 | 068 | 066 | 06
059 | 09 | 0% | o | o | 05 | 0% | 0% | o | am | o | om
ot d 03 | 03 | 08 | 08 | 086 | 08 | 08 | 086 | 08 | 08 | @8 | 03
I 530 | 480 | 494 | 49 | 488 | 477 | 651 | 631 | 63 | 626 | 621 | 610
[ rony Jf o0 | 854 | 8 | 8% | 867 | 847 | w57 | 22 | o7 | tu2 | 1os | 108
Tog 080 | 075 | 065 | 074 | 066 | 061 | 297 | 276 | 298 | 243 | 252 | 2
| r;,",g 118 it | 097 | 1 | eoe § 090 | 442 | ant | 442 | 360 | 375 | 34
[ resg 644 | ST | 614 | 6ot | 613 | 608 | 8IS | soa | &1l | 794 | 797 | 781
Los a4 | 1027 | 1092 | 1067 | 1090 | 1081 | 1448 | 1428 | 1441 | 1410 | 1416 | 1387
lon 034 | 03 | o3t | 037 | 020 | 027 | 08 | 065 | 063 | 06 | 06 | 049
T 050 | 045 | 045 | 055 | 043 | 039 | 117 | 0% | o9 | o9 | 092 | em
585 | 62 | 605 | 62 | 619 | 816 | 805 | 812 | 79 | 7% | 78

1039 | 1106 | 1076 | 1105 | 1099 | 1449 | 1430 | 1443 | 1444 | 1419 | 1394

248 | 251 | 267 | 259 | 209 | s2¢ | 48 | 436 | 46 | 424 | 388

364 | 37 | 392 | 381 | 308 | 770 | 71 | 64t | 68 | 618 | sn

483 | 49 | 500 | 4% | 4™ | 654 | 63 | 627 | 6 | 624 | 614

858 | 882 | 880 | 871 | 852 | ne | n2r | i | a7 | nie | 1o

075 | 065 | 074 | o066 | o6t | 298 | 277 | 298 | 243 | 22 | 2

LI | 097 | 111 | 098 | 890 | 442 | 4n | 442 | 36l | 375 | 34l

100 | 100 | 100 | 100 | too | 100 | too | oo | 100 | oo | too

058 | 05 [ 060 | 05 | 057 | 078 | 0% | o755 | o5 | 055 | om

025 | 625 | 031 | o024 | o022 | o065 | os¢ | o5t | os | os1 | o4

036 | 037 | a» | o3 | 033 [ 0% [ es8 | 063 | 067 | 0 | 0w

119 | 3 | 12| wur | 1w | 26 | 28] 200 | 224 | 214 | 1w

s | 426 | 487 | 410 | 4m | ws6 | umw | um | 124 | 1060 | 129

78 81 8l 76 0 | W3 | 126 | 18 | iz | 19 | 123

163




Table 8.34 Comparison of Column Moments for Old Wahite Ditch Bridge

' Due to 2% motions

Due to 10% motions -

; fransverse longitudinal ransverse longitudinal
Due to > Sé = - 3 o Due 10 ~] 2 s .| 2 -
Transverse v S| 83 y 3 235 Transverse »S| 85| ws| &8
EQ EZ| 821 E2 |88 EQ EEZ| 3L EZ) 2R
Column 1, D : N Column 1,
bottom 11270 | 10721 908 1256 bottom 4080 | 5175 3n 578
: ' 10911 §{ 10152 917 1174 4611 | 6055 424 675
' average| 11091 | 10437 913 1215 average| 4346 | 3615 398 627
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Due to b 8« Due to . 3 - 3
Longinudinal | » £ 85| 5| &85 Longindinal [ » 5| 85 | o 5| &
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bottom 28 27 45291 { 51199 bottem 8 8 9130 § 10111
22 24 39931 | 44807 10 10 11287 ; 12569
average| 25 26 42611 | 48003 average| 9 9 10209 } 11340
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' Due to Z" “é e > “E‘ = Due to ~ § & > § s
Transverse v S 25 u S 2% Transverse w 8 25| «8 245
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Column 3, T T - B Column 3, - —
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11 16 100706 | 105750 6 8 57793 | 64090
average| 4 18 113178 | 117167 average| 6 8 51877 | 56861
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8.2.7.2.6 Structural Response of Abutments

The Old Wahite Ditch Bridge abutment (11.65 m x 0.91 m) is supported on vertical and battered
piles. All of piles are cylindrical concrete with a 0.406 m (16 inch) diameter and 10.67 m (35 ft)
length. The plan and cross-section of the bridge abutment are shown in Figure 8.61.

The stiffness and damping factors are calculated using a pile length of 10.67 m (35 fi), a pile ra-
dius of 0.203 m (8 inch), an elastic modulus of concrete of 2.15x107 kN/m* (1.47x10°
kips/ft)(Section F.6). Stiffness and damping factors of single batter piles are 0.8 times that of a
vertical pile. (Prakash and Subramanayam, 1964)

The vertical load acting on the top of the bridge abutment is obtained from an analysis of the
bridgc structure. A vertical load of 51 kN (11365 Ib) per meter of length was used in this analy-
sis. The self-weight of the bridge abutment was calculated by multlplymg its cross sectional area
by the unit weight of the bridge abutment material (23.58 kN/m®) (150.19 pcf). This calculation
ts done in the program itself. The lateral earth pressure behind the bridge abutment was calcu-
lated using a soil unit weight of 19.54 kN/m’ (122 pcf), angle of internal friction of 33° and fric-
tion angle between soil and abutment of 33°. All of the loads were modified by a time dependent
seismic coefficient.

8.2.7.2.6.1 Calculated Time Dependent Displacéments of Abutment

Figure 8.63 a and b show the largest time histories of sliding, rocking and total permanent dis-
placement of Old Wahite Ditch Bridge abutment for PE 10% in 50 years respectively. Fig. 8.64 a
and b shows the time histories of sliding, rocking and total permanent displacement of Old Wa-
hite Ditch Bridge abutment for PE 2% in 50 years respectively.

A plot of magnitude and significant number of cycles is given in F igure 8.63a. Table 8.35 shows
displacement in one significant cycle. This is likely the displacement during a composite analy-
sis.

Table 8.35 Displacement at Top of Old Wahite Ditch Bridge Abutment

Displacement PE 10% in 50 years PE 2% in 50 years
at top of abutment Mé6.4 M7.0 M7.8 MS.0
Sliding (m) 0.037 0.028 0.139 0.178
Rocking (m) 0.018 0.053 0.0513 0.064
Total {m) 0.056 . 0.080 0.190 0.242
Significant cycles .9 - 10 18 |~ 20
Disp. in l-cycle 0.007 0.008 0.011 0.012
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9.0 CONCLUSIONS
9.1 Summary

The primary objectives of this study were twofold. Obj ective 1 was to establish a current subsur-
face and earthquake design geographic information systems (GIS) database for the counties of
. Butler, Stoddard, New Madrid, Franklin and St. Louts. Objective 2 was to conduct detailed

~ earthquake assessments at two sites along designated emergency vehicle priority access route US
60.

9.2 Geotechnical GIS Databases

Databases have been established for earthquake design data for the US 60 corridor in Butler,
Stoddard and New Madrid Counties and for the MO 100 corridor in Franklin and Saint Louis
Counties. This includes appropriate data from Missouri Department of Transportation files.
These databases will be integrated into the existing Missouri Department of Transportation GIS
system for future access, and serve as the beginning of a larger regional or statewide database.

For future development and usage by Missouri Department of Transportation. Further details
and access procedures may be found in “User Instructions for Data Entry and Editing-Database
of Borehole and Other Geotechnical Data for Missouri Highway Structures”.

9.3 Site Specific Earthquake Hazards Assessments

Detailed earthquake site assessments were conducted for two critical US 60 roadway sites (Wa-
hite Ditch Site and St. Francis River Site). Site assessments included: subsurface exploration,
and laboratory testing to identify subsurface materials and their engineering properties; evalua-
tion of available seismic records and procedures to characterize the ground motions associated
with various design earthquake events; and evaluation of the response of the subsurface materials
and the existing bridge structures to the estimated ground motions.

The goals of the site assessments at these two locations were to:

1. Estimate peak magnitude and duration of ground surface motion (including amplifica-
tion/damping) associated with various events at each site.

2. - Evaluate the susceptibility of each site to quake-induced slope instability, llquefactlon
and flooding.

3. Estimate shaking effects on the various types of existing bridge structures at each site.
4. Compare ground motion and structural response parameters from site-specific earthquake
" analysis method with those from AASHTO response spectrum analysis method and pro-

vide preliminary guidance regarding selection of the analysis method at future sites.

5. Evaluate modified site assessment techniques and establish a basis for using these modl-
. fied techniques at other sites along designated emergency access routes.
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Site-specific seismic response evaluations or the four study bridges were completed. Liquefac-
tion potential, slope stability, abutment stability, flooding potential, and structure stability analy-
sis were performed at both sites for selected *worst case scenario bedrock ground motions” with
PE of exceedance of 2% and 10% in S0 year, respectively. Ground motion analysis utilized syn-
thetic ground motions for a New Madrid and other, source zones. Results are presented in Sec-
tion 8.

9.3.1 St. Francis River Site
The following conclusions may be drawn from this study:
9.3.1.1 Liquefaction

The soil does not liquefy under selected ground motion for PE 10 in 50 years. However, the soil
at this site liquefied for PE 2% in 50 years to different depths depending on the magnitude and
the factor of safety.

9.3.1.2 Slope Stability

The abutment slopes at the St. Francis River Bridge site are stable under all but the most extreme
earthquake events.

9.3.1.3 Flood Hazard

Approximately 5.7 miles of US 60 roadway, from the St. Francis River eastward to approxi-
mately 0.4 miles west of Highway WW/TT (which leads to Dudley), and 3.4 miles of roadway
from approximately 0.3 miles east of Highway WW/TT eastward to Highway ZZ would flood
during and after an earthquake event that resulted in the failure of Lake Wappapelo Dam. Sev-
eral additional stretches of roadway could flood as a result of levee failures.

9.3.1.4 Structural Response of St, Francis River Bridgés
9.3.1.4.1 New St. Francis River Bridge

The three-span bridge with integral abutments was analyzed and evaluated in detail under the
excitation of 12 ground motions. The overall performance of the bridge is satisfactory except for
the following observations. It was found that the steel plates of the neoprene elastomeric pads
are not anchored into the capbeam with the required embedment iength. They may be pulled out
during earthquakes. The diagonal members of the diaphragms or cross-frames are vulnerable to
the 2% PE earthquakes. Comparison between the response spectrum analysis and the time his-
-tory analysis verified the sufficient adequacy of analyzing the bridge with integral abutments us-
ing the simpler response spectrum procedure. - T - : : :
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9.3.1.4.2 Old St. Francis River Bridge

Based on the extensive analysis and detailed evaluation of the bridge, the following conclusions
can be drawn. The support length of bearings is slightly short based on the current requirement,
which may result in the dropping of the spans adjacent to expansion joints. The shear capacity of
anchor bolts and the embedment length of bearings are also inadequate for both 10% and 2%
. likelihood earthquakes. Another major concern is the stability of columns. Although the C/D
ratios with a ductility indicator of 5 is greater than 1.0 for all columns, they are likely insufficient
to sustain large deformations due to the poor detailing at joints. Associated with the poor detail-
ing is a greater concern for shear capacity of the columns. Just like the New St. Francis River
- Bridge, it is likely that the diagonal members of the diaphragms and cross frames of this bridge
wotuld buckle during a strong earthquake event.

It is also observed from analyses that the response spectrum method can give internal shears and
moments as well as displacements with satisfactory engineering accuracy for linear bridges with
seat-type abutments. However, potential pounding at expansion joints during a strong earth-
quake event makes the spectrum method invalid.

9.3.1.4.3 Old St. Francis River Bridge Abutment
The maximum displacement at the top of this abutment varied from 0.43 inch to 1.02 inch for

10% PE and 2% PE for the different magnitudes of earthquakes. This dlsplacernent is tolerable
without any damage to the abutments.

- 9.3.2 Wahite Ditch Site
9.3.2.1 Liquefaction

The soils do not appear to liquefy for the 10% PE and M 6.4. However, the soils do liquefy mar-
ginally for a 10% PE earthquake with a magnitude of 7.0.

For a 2% PE and M 7.8 and 8.0 earthquake with factors of safety less than 1.0, the soils liquefy
throughout.

9.3.2.2 Slope Stability

This site is expected to be stable under small earthquake conditions. The site is less sensitive to
ambient ground-water levels (which are affected by water levels in the river) than at the St. Fran-
cis River site. Stability analysis under large earthquake conditions indicates marginal stability at
the Wahite Ditch site when ground-water levels are high. :

. 9.3.2.3 F!ood Hazard

~ Water levels appear to be too low during normal conditions to pose a significant risk of exiting
the channel, even in the event of levee failure. Furthermore, the roadway is elevated above the
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surrounding land. One section of roadway located 0.1 to 0.5 miles west of the ditch is at low
elevation and could potentially flood.

9.3.2.4 Structure Stability of Wahite Ditch Bridges
9.3.2.4.1 New Wahite Ditch Bridge

Extensive analyses and detailed evaluation of the bridge indicated that the bridge can sustain an
carthquake at both 10% and 2% probability of exceedance. The only components that warrant
attention are the shear keys on top of the capbeam. Their capacity is slightly inadequate for two
out of the six earthquakes at high hazard levels.

9.3.2.4.2 Old Wabhite Ditch Bridge

Based on the extensive analyses and evaluations of the bridge, some conclusions can be drawn as
follows. The support length of the superstructures is insufficient so that it is likely that the
bridge deck will drop off its support at expansion joints. Other load transferring components,
such as bolts and their embedment lengths and edge distances, are also inadequate for earthquake
loads. Even though a ductility indicator of 5 was used, the C/D ratios of the columns at Bent 3
are still less than one, indicating insufficient strength. Associated with the column bending, the
shear capacity of the columns is significantly less than required due to the lack of transverse rein-
forcement. Like the diaphragms and cross frames built with angles at the St. Francis River
Bridge site, the diagonal members are vulnerable to buckling.

9.3.2.4.3 Old Wahite Ditch Bridge Abutment

The maximum displacement at the top of this abutment for a 10% PE, M 6.4 and a 2% PE and M
8.0 earthquake varies from 0.28 inch to 0.47 inch. This displacement will not cause any damage
to the abutments.

10.0 RECOMMENDATIONS
10.1 Protocol

Earthquake hazard assessment at both the St. Francis River and the Wahite Ditch Sites was es-
sentially a six-component process consisting of the following inter-related analyses: '

[) Determination of the appropriate earthquake induced strong ground motion.
2) Determination of liquefaction potential in response to strong ground motion.
3) Determination of slope stability in response to strong ground motion. -
4) Evaluation of abutment stability in response to strong ground motion.

.5) Evaluation of structure stability in response to strong ground motion.
6) Determination of potential for flooding in response to strong ground motion.

Based on this study, the following recommendations are made with respect to the development
of an effective protocol for conducting these six analyzes.
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10.1.1 Determination of Site-Specific Strong Rock Motion

Recommendation 1: Acquire/develop capability to generate site-specific synthetic ground motion
at bedrock based on earthquake magnitude, source signature (amphtude and phase spectrum),
and source distance/depth.

Recommendation 2: Arbitrarily select two source zones, one proximal and one distal, based on
recommendations from The Missouri Department of Natural Resources geologists. The Com-
merce Geophysical Lineament could serve as a reasonable proximal source zone for further stud-
ies along US 60. The New Madrid Fault zone could serve as a reasonable distal source zone.

Recommendation 3: Generate a representative suite of synthetic bedrock ground motions for
both the proximal and distal sources. The representative suite of synthetic ground motions
should cover a range of potermally damaging magnitudes (perhaps 4 to 8), and vary in duration
and frequency

Recommendation 4: Propagate the suite of bed rock synthetic ground motions to the surface and
access damage as per analysis 2 through 5 (section 8.1).

Recommendation 5: Estimate probability of occurrence of each ground motion, based on input
from USGS and other sources.

Summary: The procedure outlined above could be of more long-term utility to Missouri Depart-
ment of Transportation than the “worst case New Madrid source zone scenario” process em-
ployed in this study. Earthquake probability estimates and prospective source zone locations are
likely to change over time (in response to new data) — more so than the generated suite of syn-
thetic ground motions. If this assumption is correct, Missouri Department of Transportation
would merely be able to reassign new probabilities to each synthesized outcome — as opposed to
having to generate new synthetic ground motions in response to changing probabilities.

10.1.2 Determination of Liquefaction Potential

Recommendation 1: Liquefaction analysis should be conducted (using the entire suite of syn-
thetic ground motions) at locations of all critical roadway structures and in roadway areas where
there is a paucity of structures (to ensure valid statistical sampling). Areas along the roadways
should be designated in accordance with their propensity for liquefaction (re: magnitude and
source distance). Probabilities can be assigned thereafter and reassigned as probability estimates
change over time. :

Recommendation 2: Seismic cone penetrometef data should be acquired to a depth of 50 feet (if
possible) in immediate proximity to structures studied. Soil should be sampled from surface to
bedrock, and SPT data should be acquired to enable the development of a vertical soil profile.

Recommendation 3: Bedrock ground motion should be propagated to surface. The propensity of
each soil layer to liquefy under synthesized ground motion should be determined.



10.1.3 Determination of Slope Stability -

Recommendation 1: Slope stability analysis should be conducted (using the entire suite of syn-
thetic ground motions) at all critical roadway bridge sites and in selected roadway areas where
there may be some potential for lateral spreading. The sites studied should be designated in ac-
cordance with their propensity for slope failure (re: magnitude and source distance). Probabili-
ties can be assigned thereafter, and reassigned as probability estimates change over time.

Recommendation 2: At each site, topographic data and shallow subsurface control (engineering
properties of soil) should be acquired (trenching and boreholes).

Recommendation 3: Bedrock ground motion should be propagated to surface. The propensity of
the siope to fail under synthesized ground motion should be determined.

10.1.4 Determination of Potential for Flooding in Response to Strong Ground Motion

For future analysis of earthquake-induced flooding of roadway sections, we recommend the fol-
lowing procedure: '
{.  Preliminary identification of regions susceptible to flooding:

* Collect report information on anticipated flood run out following catastrophic failure of
nearby dams.

e Collect 7.5-minute topographic maps and FEMA flood hazard maps along the alignment
under evaluation.

o Identify river, creek, and drainage ditch locations, approximate elevations of water levels,
and approximate elevations of both natural and man-made levees flanking the waterways.

® On the topographic maps, subdivide zones along the roadway by 5-foot contour intervals.

e Mark areas where the land is below water levels in waterways as zones of potential flood-
ing. ' :

o Field check each area to visually assess the elevation of the roadway compared to sur-
rounding land.

2. Specific assessment of regions identified as susceptible:

& Assemble more accurate data on range of water elevations in canals and streams through
contact with local government offices for agriculture, flood control, and public works.

.. Measure ranges of water elevations in canals and streams using GPS devices. = .

. Develbp more accurate tbpogfaphic analysis using DEM-.computer files analyzed with
GIS software to compare water levels and roadway elevations.
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¢ Confirm computer. topographic analy51s with GPS field measurements of roadway eleva-
tions.

e Use DEM computer files, soil survey information, and field reconnaissance data on soil
type and strength to rank the susceptibility to slope failure of various stretches of water-
way levees. Combine this analysis with roadway and water elevation analysis to identify
critical areas where likelihood of levee failure is high and flooding potential in the event
of levee failure is also high.

10.1.5 Evaluation of Flooding Potential

Flood analysis (in accordance with methodologies outlined in this report) should be conducted
for the entire designated roadway. Addltronally, slope stability analysis {as outlined above)
should be conducted at selected sites along river, drainage ditch and irrigation canals to deter-
mine likelihood of failure that could result in flow blockage and flooding.

10.1.6 Determination of Structural Stability
10.1.6.1 Evaluation of Abutment Stability

Recommendation 1: Abutment stability analysis should be conducted (using the entire suite of
synthetic ground motions) at all critical roadway structures. Sites studied should be designated
in accordance with their propensity for abutment failure (re: magnitude and source distance).
Probabilities can be assigned thereafter, and rea351gned as probability estimates change over
time. - :

Recommendation 2: Bedrock ground motion should be propagated to surface. The integrity of
each abutment under synthesized ground motion should be determined.

10.1.6.2 Evaluation of Stability of Integrated Bridge Abutments

Recommendation 3: Structure stability analysis should be conducted (using entire suite of syn-
thetic ground motions) for all critical roadway structures. Sites studied should be designated in
accordance with their propensity to fail (re: magnitude and source distance). Probabilities can be
assigned thereafter, and reassigned as probability estimates change over time.

Recommendation 4: Bedrock ground motion should be propagated to surface. The propensity of
each designated structure to fail under synthesized ground motion should be determined.

10.1. 6 3 Evaluatlon of Stability of Structural Members
Recommendation 5: For multipie span hlghway bridges . with mtegral abutments, the response
spectrum analysis is accurate enough for evaluation of structural members with a linear bridge

model. For bridges supported by seat-type abutments at their ends, pounding at expansion joints
makes it necessary to analyze a geometrically nonlinear system of the bridges.

175



Recommendation 6: For bridge seat-type abutments, the load transferring members such as bolts
and their anchorage and edge distances must be evaluated together with the minimum support
length requirements. For existing bridges, the shear and moment capacities of the columns must
be evaluated with considerations of the detailing at the beam to column and the column to foot-
ing joints.

10.2 Further Work

This study has provided a sound basis for developing a comprehensive evaluation of seismic re-
sponse of highway structures in southeast Missouri. Based on these results and on discussions
with Missouri Department of Transportation personne] the following recommendations are made
for further work.

10.2.1 Proposed Study: Retrofit of Critical Structures along Designated Emergency Vehi-
cle Priority Access Routes :

The results of this study have identified a number of critical locations where the bridge and em-
bankment structures would fail under the severe earthquake loading forecasted for this area.
Consequently, since these faculties must meet emergency access serviceability, it is proposed to
develop seismic retrofit procedures for enhancing the ability of these structures to resist the se-
vere earthquake forces. The procedures could include structurat stiffening of the bridge mem-
bers, enhanced resistance to embankment and foundation liquefaction and slope failure. This
research should also include the development of a post-earthquake evaluation protoco! such that
the critical structures could be quickly and easily evaluated to determine their structural integrity
following the earthquake event.

10.2.2 Proposed Study: Site Specific Earthquake Assessments along MO 100

The Missouri Department of Transportation in conjunction with other state agencies has desig-
nated specific routes for vehicular access of emergency personnel, equipment and supplies in the
event of 2 major earthquake event in southeast Missouri. These routes include portions of MO
100, US 50 and [-44. The routes traverse varied geologic settings and include or cross many
critical roadway features such as bridges, slopes, box culverts, and retaining walls. The extent of
damage and survivability of these critical roadway features in the event of a major earthquake
event is not fully known and woulid impact the ability to use these designated routes to provide
emergency vehicular access in a timely manner.

The goals of this proposed study are to use the results of this Phase I US 60 study to complete a
regional overview and prioritization of seismic hazards and to conduct site specific studies along
the next critical highway, which is judged to be MO 100. The specific objectives to complete
these goals are given below. Detailed earthquake assessments will be conducted. for two sites
where critical roadway features exist. These site assessmerits will include subsurface exploration
and laboratory testing to identify subsurface materials and their engineering properties; evalua-
tion of available seismic records and procedures to characterize the ground motions associated
with various design earthquake events and evaluation of the response of the subsurface materials
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and the existing bridge structures to the estimated ground motions. Site assessment techniques
will be selected based on their usefulness as determined from this study. In this way, compari-
sons in data quality, investigation time, and investigation costs may be made between the de-
tailed US 60 study and the more streamlined MO 100 study. '

It is proposed that members of the research team will survey MO 100 in St. Louis and Franklin
Counties. Sites with critical roadway features will be visually evaluated and ranked based upon
geologic factors, structural factors and perceived criticality/risk factors. The top two sites with
differing geologic settings will then be selected for further study.

The goals of the site assessments at these locations would be to:

1. Estimate peak magnitude and duration of ground surface motion (including amplifica-
tion/damping) associated with various events at each site.

2. Evaluate the susceptibility of each site to earthquake induced slope inétability and liquefac-
tion. '

3. Estimate shaking effects on the various types of existing bridge structures at each site.

4. Compare ground motion and structural response parameters from site-specific earthquake
analysis method with those from AASHTO response spectrum analysis method and pro-
vides preliminary guidance regarding selection of the analysis method at future sites.

5. Evaluate the modified site assessment techniques identified in the US 60 study and estab-
tish a basis for using these modified techniques at other sites along designated emergency
access routes.

Finally, a qualitative assessment of slope stability along the entire length of MO 100 from near
Linn to Manchester will be completed, as well as an assessment of evidence of previous earth-
quake activity (in the form of sand blows, prehistoric slope movement, etc.).

10.2.3 Proposed Study: Regional Liquefaction Hazard Analysis

Liquefaction hazards will be identified and prioritized along the designated emergency vehicle

routes US 60 and MO 100 using information in the GIS database prepared for Phase I and future -
work. Strip maps showing liquefaction potential along designated routes will be generated.
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10.2.4 Proposed Study: Geo-Referencing of Boring Locations

The locations of geotechnical borings at the two bridges evaluated in Phase I and at the Phase II
sites will be precisely identified in the GIS database using as-built drawings, survey information,
and geo-referencing software. This will allow accurate cross-section generation from the data-
base information without a field visit. Boring locations in the current GIS database are limited to
station and offset coordinates, which are not precise enough for cross-section and mapping appli-
cations. Additionally, plans from approximately 104 bridges (4 plans per bridge) will be scanned
and geo-referenced to permit accurate locating of proximal boreholes.

10.2.5 Proposed Study: Regional Prioritization for Future Earthquake Hazards Assess-
ments

Part of the US 60 study included development of a GIS database of subsurface and earthquake
data for both the US 60 and MO 100 corridors. This study will couple an assessment of this da-
tabase with a regional review of geologic, hydrolegic, and road structure information to prioritize
future earthquake assessments along MO 100, US 50 and I-44. This type of assessment was
completed for the Phase I study along US 60, and the methodology will be revised and con-
ducted in more detail for the proposed Phase Il study. The results this assessment are expected
to provide the basis for gauging the sensitivity of various roadway and geologic conditions to
earthquake damage and prioritizing locations for further study. In addition to bridges and road-
way conditions, the assessment will also qualitatively evaluate slope stability hazards and flood-
ing hazards related to levee, dam, or canal failure. : '

10.2.6 Proposed Study: Laboratory Testing of Truss-Type Diaphragms or Cross Frames
and Effective Retrofitting Techniques

Three out of four bridges investigated in this project have diaphragms or cross frames consisting
of angles. They are all subject to high potential for buckling during strong earthquakes. To en-
sure that the superstructure (deck, girder, diaphragms/cross frames) remains integrated to transfer
load from it to the substructure, the diaphragms need to be further studied for the development of
practical retrofitting techniques.

10.2.7 Proposed Study: .Integration of LOGMAIN Surficial Materia! Information

Database ¢lements will be identified to permit surficial materials information in LOGMAIN to_
be integrated into the Missouri Department of Transportation database.

- 10.2.8 Proposed Study; Long Term Strategic Plan

The site-specific and regional studies will be used to develop a long term strategic plan for earth-
quake hazards assessment in Southeast Missouri. The strategic plan will contain two elements:
the first will be a.prioritization of structures or sections of highway for further study of specific
seismic hazards (shaking, slope movement, flooding, liquefaction, etc.), and the second will be 2
plan for solicitation of continued funding for continued funding of additional phases of the pro-
ject. The primary agencies or programs targeted will be FEMA, USGS., NEHRP, and NSF.,
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12.0 LIST OF SYMBOLS

Symbol

A
Abpolt
Ab.splice
As
Ay

Ay
Atr[c)
Atrl d)
&PGHA)
APGVA)
accy (t)
accy (t)
B

b

c

CPT
CRR
CSR

Cx
Cx

c?dy
Cx¢ £

g

c,*
Cyo
C,
¢
Cy
Co
Co

Definition

Cross section of single pile

Cross-sectional area of one bolit

Area of spliced bar

Gross area of column cross-section

Area of steel in cross-section

Area of transverse steel reinforcement

Capacity for transverse confinement

Demand for transverse confinement

Peak horizontal ground acceleration

Peak vertical ground acceleration

Horizontal ground acceleration

Vertical ground acceleration

Footing (pile cap) width, bridge abutment width

Width of cross-section

Cohesion (psf)

Cone penetrometer test

Cyclic resistant ratio

Cyclic stress ratio -

Damping of single pile for translation along x axis

Damping of piles group for translation along x axis

Cross coupled damping of single pile for coupling sliding along x-axis
Cross coupled damping of piles group for sliding along x-axis and
Damping of single pile for translation along y axis '
Damping of piles group for translation along y axis

Cross coupled damping of single pile for sliding along y-axis and
Cross coupled damping of piles group for sliding along y-axis and
Damping of single pile for translation along z axis

Damping of piles group for translation along z axis -

Damping of single pile for rocking about y axis

Damping of piles group for rocking about y axis

Damping of single pile for rocking about x axis

Damping of piles group for rocking about x axis

Damping of single pile for torsion about z axis

Damping of piles group for torsion about z axis

Effective width of cross-section

Diameter of reinforcing bar

Diameter of one bolt

" Pile diameter

Relative density (unitless)

Void ratio (unitless)

Modulus of elasticity of pile matenal
Ultimate stress for one bolt
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-

Shsh i
Lyl

.

=

le!f\ﬂ f¢|a f‘(@!
f‘.: fra, £i2, f52, £

Shear stress for one bolt

Compressive strength of concrete

Stress in steel

Steel yield stress

Transverse steel yield stress

Stiffness parameters

Damping parameter

Specific gravity of soil particles (unitless)

Acceleration due to gravity

Initial shear modulus of soil

Shear modulus of soil

Abutment height

Horizontal seismic force increment due to weight of abutment
Horizontal force increment as result of weight of girder and traffic load
Horizontal seismic force due to soil mass above wall

Horizontal ground acceleration (% of gravity)

Moment of inertia of single pile about x or y axis

Polar moment of inertia of single pile

Parameter for concrete stress distribution

FHWA parameter for transverse confinement

FHWA parameter for transverse confinement

Effectiveness of transverse bar anchorage

Horizontal and vertical seismic coefficient, k; = accy(t)/g and k, = acc,
(tyV/g -

FHW A parameter for longitudinal reinforcement

Stiffness of single pile for translation along x axis

Stiffness of group of piles in translation along x axis

Cross coupled stiffness of single pile for coupling along x-axis and
rocking about y axis

Cross coupled stiffness of piles group for sliding along x-axis and
rocking about y axis

Stiffness of single pile for translation along y axis

Stiffness of piles group for translation along y axis

Cross coupled stiffness of single pile for sliding along y-axis and
rocking about x axis

Cross coupled stiffness of piles group for shdmg along y-axis and
rocking about x axis

Stiffness of single pile for translation along z axis

Stiffness of piles group for translation along z axis

Stiffness of single pile for rocking about y axis

Stiffness of piles group for rocking about y axis

-~ Stiffness of single pile for rocking about x axis

Stiffness of piles group for rocking about x axis
Stiffness of single pile for torsional about z-axis
Stiffness of piles group for torsmnal about z-axis
Pile length
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Loy Capacity of longitudinal anchorage

Laay Demand of longitudinal anchorage
Leot Length of column
I Length of splice
M Magnitude
m Mass of bridge abutment
Mm - Mass moment of inertia of bridge abutment about the axis of rotation
M, Moment about y-axis.
M, Moment about x-axis |
N, Field measured standard penetration value (number of blows per foot)
Ni,60 Corrected standard penetration value (number of blows per foot)
Nspt Standard penetration value (number of blows per foot)
P Axial compressive force
Pa, APae , - Static and dynamic increment of earth pressure:
Px Py Total horizontal force in X or y direction
PHGA Peak horizontal ground acceleration (% of gravity)
PVGA Peak vertical ground acceleration (% of gravity)
Q Vertical force acting on the top of bridge abutment transmitted from
girder
Tud-long C/D ratio for longitudinal abutment displacement
Cad-trans C/D ratio for transverse abutment displacement
Toi-edge dist. C/D ratio for edge distance of bolts
Tht-embed C/D ratio for bolt embedment length
[bf-embed-adj C/D ratio for boit embedment length, adjusted for stresses
Tbt-long C/D ratio for shear in iongitudinal direction
Tofarans C/D ratio for shear in transverse direction
Tea-bottom C/D ratio for reinforcement anchorage at column bottom
Tca-top C/D ratio for reinforcement anchorage at column top
fee C/D ratio for transverse confinement \
Teross C/D ratio for diaphragm and cross-frame members
Tes - C/D ratio for splices '
Tes-adj | C/D ratio for splices, adjusted for steel stresses
Tov C/D ratio for column shear
Fec C/D ratio for column moment
To Pile radius
S Spacing (c/c distance of piles in all directions), saturation of soil (unitless)
s : Spacing of transverse reinforcement
SPT Standard penetration test
T ) Torsional moment A
Vi Vertical seismic force increment due to weight of abutment
Va ‘ Vertical force increment as result of weight of girder and traffic load
Vy B Vertical seismic force due to soil mass above wall - :
Vi long " Shear capacity in longitudinal-direction
Vidilong Shear demand in longitudinal direction
Vo(chrans Shear capacity in transverse direction
" Viidtrans Shear demand in transverse direction
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CLx, G-Ly

p
3

Yiwater

Ydry

. Elastic shear demand in columns

Initial shear capacity of column (concrete & steel)

Final shear capacity of column

Vertical ground acceleration (% of gravity) -

Shear wave velocity of pile material

Shear wave velocity of soil

Maximum column shear from plastic hinging

Initial shear capacity of concrete in column

Weight of bridge abutment

Weight of soil above of bridge abutment

Translation along x axis )

Axis perpendicular to abutment and pier of bridge (direction of traffic),
distance in x-direction | .
Distance between C.G. of footing (pile cap) and center to center of a pile
Translation along y axis

Axis parallel to abutment and pier, distance in y-direction
Translation along z-axis

Axis in vertical direction, distance in z-direction

Distance between center of gravity and base of footing (pile cap)
Horizontal interaction factor

Vertical interaction factor

Horizontal interaction factor in x and y direction

Departure angle

friction angle at interface of soil and wall

Unit weight of water (pcf)

Dry unit weight of soil (pcf)

Footing rotation

FHWA muitiplier for transverse confinement

Multiplier for shear capacity for bolts

Internal friction angle of soil, rotation about y axis

Poisson ratio of pile material

Poisson ratio of soil

Volumetric ratio of existing transverse reinforcement
Required volumetric ratio of transverse reinforcement

Mass density of pile material

Mass density of soil

Total vertical stress

Effective initial vertical stress

Rotation about z axis

Rotation about x axis

Total shear stress -
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A. FIELD DATA

A.l1 Symbols Used on Boring Information
COHESIVE SOILS (Modified after ASTM D2487-93 and D 2485-93)

Table 1: Fine Grained Soit Subclassification

Percent (by weight) of Total Sample -

Terms

SILT.LEAN CLAY, FAT CLAY, ELASTSIC SILT PRIMARY CONSTITUENT

Sandy. gravelly, abundant cobbles, abundant boulders, >30-50%

with sand, with gravel, with cobbles, with boulders, >15-30%-Secondary coarse grained constituents
scattered sand. scattered gravel, scattered cobbles, scattered boulders, 5-15%

a trace sand. a trace gravel, 2 few ¢obbles, a few boulders <1

*The relationship of clay and silt constituents is based on plasticity and normaily determined by performing index tests. Refined
classifications are based on Atterberg Limits tests and the Plasticity Chart.

(Modified after Ref. Oregon DOT 1987, DM 7.1 1982 and FHWA 1997)

TERM Number POCKET
Of Blows | PENETROMETER FIELD TEST
Per 1 ft. (tsh)
Very Soft 0-1 0.25 or less Squeezes between fingers when fist is closed, penetrated sever inches by fist.
Soft 2-4 0.25-0.58 Easily molded by fingers. easily penetrated several inches by thumb.
Medium Stiff 58 0.50-1.00 Molded by strong pressure of fingers, can be penetrated several inches by thumb
with moderate effort.
Stiff 9-15 1.60-2.00 Dented by streng pressure of fingers, readily indented by thumb but can be
penetrated only with great effort.
Yery Stiff 16-30 2.00-4.00 Readily indented by thumbnail.
Hard 30-60 Over 4.00 Indented with difficulty by thumbnail.
Very Hard 61-
MOISTURE CONDITION (Modified after ASTM D 2488-93)
DESCRIPTIVE TERM GUIDE
Dry No indication of water
Moist Indication of water
Wet Visible water
CRITERIA FOR DESCRIBING STRUCTURE (Modified after ASTM D 2488-93)
Description Criteria
Stratified Alternating layers of varying material or color with layers at least 1/6 inch (6mm) thick; note thickness
Laminated Alternating lnyers of varying material or color with the layers less than 6 mm thick; note thickness
Fissured Breaks along definite planes of fracture with little resistance to fracturing
Slickensided Fracture planes appear polished or glossy, sometime striated. :
Blocky Cohesive soil that ¢can be broken down into small angular lumps which resist further breakdown.
Lensed Indication of smal) pockets of different soils, such as smali tenses of sand scattered through a mass of clay, note
) thickness
Homogeneous { Same color and appearance throughout.
Laver Inclusions greater than 3 inches thick (7.5 cm).
Seam Inclusions 173 to 3 inches (3 to 75 mm) thick extending through the sample.
Parting Inctusion less than 1/8 (3 mm) inch thick

NON-COHESIVE (GRANULAR) SOILS (Modified after ASTM D 2487-93 and D 2488-93)

-Coarse Grained Soil Subclassification Percent (by weight) of Total Sample

Igrm . )
GRAVEL. SAND, COBBLES, BOULDERS PRIMARY CONSTITUENT

Sandy, gravelly, abundant cobbles, abundant boulders >30-50%

With gravel, with sand, with cobbles, with boulders >15-30% - Secondary coarse grained constituents

Scattered gravel, scattered sand, scattered cobbles, scattered boulders T 5-15% . :

A trace gravel, a trace sand, a few cobbles, & few boulders <5%
Sitty (MH, & MLY)", clayey (CL & CH)" <15%

(with silt, with clay)* 5-15%

(trace silt, trace clay)* <5 Y%

*Index tests and/or plasticity tests are performed to determine whether the term “silt™ or “clay” is used.
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GRAIN SIZE IDENTIFICATION (Modified after Oregon DOT 1987 and FHWA 1997)
NAME ) SIZE LIMITS FAMILIAR EXAMPLE
Boulder 12 in. (30 cm) or more Larger than basketbail
Cobbies 3in (76 mm) - 12 in. (30 cm) Grapefruit
Coarse Gravel | ¥ in. (19 mm) -3 in (76 mm) Orange or lemon
Fine Gravel 4.75 mm (No. 4 sieve} - % in. (19 mm) Grape or Pea
Coarse Sand 2 mm (No. 10 sieve) 4.75 mm (No. 4 sieve) Rocksalt
Medium Saad | 0.42 mm (No. 40 sieve) - 2 mm (No. 10 sieve) Sugar, Tabie Salt
Fine Sand 0.075 mm (No. 200 sieve) - 0.42 mm {No. 40 sieve) Powdered Sugar
Fines Less than 0075 mm (No. 260 sieve)
“Partictes finer than fine sand cannot be discerned with the naked eye at & distance of 8 in. (20 em).
(Modified after FHWA 1997)
MOISTURE CONTITION DENSITY
DESCRIPTIVE TERM GUIDE TERM N-VALUE (bphH
Dry No indication of water Very Loose 00-04
Moist - Damp but no visible water Loose 05-10
Wet Visible free water, usuaily soil below water table Medium Dense 11-24
Dense 15-50
Very Dense Over 51
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A.2 St. Francis River Bridge Site Test Pits
Brown, clayey Silt with roots, moist
Gray, Gravel Base course, dry
Light brown, silty Clay, very stiff, dry,
‘Gray-brown, silty Clay, soft to slightly stiff, moist, rootlets present
Light to dark mottled silty Clay, soft to slightly stiff, moist
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St. francis river site

s3077 Sunieg 91§ 38pLIg JIAR] SPURL] IS €'V

St. Francis River ' N |
: *
2| = |x 2 W3 cu
| 8 1 § |3] Deptn - Description PPATSFY = | Noo | wer) | LLp usc] PSP | cipsi) o
B-1 | 473 - 0.0-1.0 Brn silty CLAY w/ gravel 4.3 0.60 113
474 | * 0.0-1.0 Br. si lean CLAY 3110
pen | 1.0-25  |Bm Silty lean CLAY _ 45 21 |
475 2.5-5.0 Brown silty lean CLAY 9.0 0.60 158 131110 |CL 300 | 32
478 2550 |Brown siity fean CLAY 35 | 06s 6446
pen 5.0-6.5 Br, silty lean CLAY 50 - 12 174
477 6.584 Br,gray mottled si CLAY 1.5 0.55
478 | * 6.5-8.4 Br, gray mottled si CLAY 1.50 214
pen 8.4-99 Br/gr mottted si CLAY, intermix sillstone| 9.0 - 73 19.5
479 10.0-12.5 |Gray Clayey SILT - 8.0 0.70 17.8
480 10.0-12.5 |Gray Clayey SILT 4.5 0.35 6532
pen 125140 |Gray clayey SILT 12 | - |10
. 481 14.0-15.5 {Gray clayey SILT A0 0.40 19.1
482 | 14.0-15.5 |Gray clayey SILT ] 29/12 |CL X
- pen 15.5-17.0 |Gray SILT to clayey SILT 2.5 - 19 | 206
483 17.0-19.5 |Gray SILT to clayey SILT 28 0.65 225
484 17.0-19.5 |Gray SILT to clayey SILT 28 0.65 2603
pen 19.5-21.0 |Gray SILT, stiff lo v. stiff a0 - 17 | 25.9
485 21.0-23.5 |Gray SILT v. stiff 4.0 0.45 24.6
486 | * 21.0-23.5 |Gray SILT very stiff
pen 23.5-25.0 |Gray SILT to 24.5, gray fine SAND 33 | - | 26 ] 239
487 25.0-27.5 |Brown Silty sand, too brittle to wrap
489 27.5-29.0 |Brown fine grained Sand, dense, wet .28
490 35.0-36.5 ' |Brown/grey fine grained Sand, dense, wet 26
49 40.0-41.5 |Gray fine grained Sand, very dense, wat 75
492 45.0-46.5 |Gray fine grained Sand, very dense, wet 7
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St. francis river sile

St, Francis River |
I
% E § " Depth Description PP {TSF) 2 e Neo | we(% {P(:F) g cu
g 1 513 ) o) | LuPt |usc 5| cesh ¢
: 493 50.0-51.5 |Gray fine-medium Sand, very dense, wet 75
494 55.0-56.5 |Gray medium Sand, dense, wet 38
495 60.0-61.5 |Gray medium Sand, very dense, wet 82
496 65.0-66.5 |Gray medium Sand, dense 33
497 70.0-71.5 |Gray medium Sand, dense 40
498 75.0-76.5 |Gray medium Sand, dense 35
499 80.0-81.5 lDrk gray fine-med silty sand, dense 38
500 90.0-91.5 |Gray fine-med Sand, dense, fine gravel 43
501 100.0-101.5 |Gray med Sand, fine gravel, v. dense 73
369 110.0-111.5 |Gray med-coarse Sand w/ f. gravel v, dense 72
|, 370 120.0-121.5 |Gray Coase Sand w/ m. sand and f. grav. 123
3N 130.0-131.5 |Brownish-gry coaarse Sand w/ m. sa and fine grav 56
140.0-142.0 |Coarse Sand and cobblas
372 143.0-144.5 |Gray coarse Sand and coarse grav 142
373 153.0-157.5 |Gray medium Sand, v. dense 9
a4 163.0-164.5 |[Gray medium Sand, v. dense 92
-375 170.0-171.5 |Gray medium Sand, v. dense 139
' 180.0-180.2_[Cobble
190.0-191.5 |Cobbles and boulders
B-2 | pen 0.0-2.5 it grey silty clay 1.8 0.65 17.0
346 2.5-4.0 reddish brn mottted CLAY 5.1 10
347 4.0-6.5 med. Grey lean CLAY v. stiff 38 0.46 200
348 | * 4065 |Med. gray lean CLAY wi silt, v. stift
jar 6.5-7.5 6 16.4
10.5-12.0 |no recovery 16
349 12.0-14.5 7.0 0.45 17.9




St. francis river site

8V

St. Francis River |
TE 25 :
4 = |x E g e d Ccu
_ﬁ_ _5_5 Depth ‘ Description PPISFN = | Ngo | wew) | Lser use| (PSP 5| ctesi ¢
350 | * 12.0-14.5 |Med. gray lean CLAY w/ silt, v. stiff 380 ! 34
351 14.7-16.0  {Itto brn lean CLAY wi silt v, stiff 2.0 12
bag 16.0-16.6
352 16.0-16.6 8.0 0.60
353 17.0-19.5 |1t tan andy SILT . 2.0 0.40
354 17.0-19.5 |ittan andy SILT 24.1 1328
ass §{ * 21-235 L1 Tan sa SILT stiff to v. stiff 255 X
358 245250 |Ltgrey SILT 8
360 25.0-25.8  |missing
361 25.8-27.5 it ben silty SAND 0.5 0.23
362 258275  |it bm sitty SAND
363 27.5-28.5 [|itbm med. Sand - 15
364 29.0-31.5 |It. Gray medium Sand 15
365 35.0-36.5 |t. Gray medium Sand 18
366 40.0-41.5 |it. Gray medium Sand 59
367 45.0-46.5 |it. Gray medium Sand 35
368 50.0-51.5  [It. Gray medium Sand 50
AL 0.0-1.2 Brn sandy lean CLAY 4.5 0.95 10.9
jar 1.2-2.7 hbm lean CLAY, V. stiff 4.5 19 15.7
42 3.0-5.5 In Brn CLAY, v. stiff 1.3 23.2
43 | * 3.0-5.5 In Brn CLAY, v. stiff 280 | 35
jar 557.0 In B CLAY, v, stiff ] 232
44 7.0-9.5 In Brn CLAY, v. stiff 2.8 0.90 23.5
45| * 7.0-95  [Moist SILT '
46 1.09.5 Moist SILT
Jar 9.5-11.0  [Moist SILT 25 7 21.9
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St. francis river site

A

St. Francis River

: o >
2 | & 55 o
g | ¥ |z sE % |5 cu -
21 3 |5] pepn Description PP {TSF) = | Noo | werw) | LUPI |usc| (PSP)| 5 | cipsi) 4
jar 10.5-14.0 |Gray Clayey SILT 23 9 235
47 11.0-13.5 |Gray Clayey SILT 28 0.90
4 | * 11.0-13.5 |Gray clayey SILT X
jar 1 135150 |Gray clayey SILT 10
jar 14.5-15.0 |tan fine SAND 19
49 15.0-16.1  |gry bm fine SAND
50 16.1-17.6 |Gray brown f. Sand, locse to med dense 16
51 18.0-19.5 |Gray brown f. Sand, foose to med dense
52 19.5-21.0 |Gray brown f. Sand, loose to med dense
1 21.0-22.5 |gry-bm to tan f. Sand w/ lean clay 15
54 22.5-24.0 |gry-bm to tan f. Sand w/ lean clay 24
55 24.0-25.5 |Gray fine-med Sand 16
56 25.5-27.0 |Gray fine-med Sand 28
57 275.0-28.5 |Gray fine-med Sand 28
58 28.5-30.0 |Gray fine-med Sand 23
59 30.0-31.5 |Gray fine-med Sand 50
60 35.0-36.5 |Gray fine-med Sand 56
61 40.0-41.5 |Gray fine-med Sand 78
62 45,0-46.5 |Gray fine-med Sand 26
63 50.0-51.5 |MediumSand 26
64 55.0-56.5 |Gray fine-med Sand 41
65 60.0-61.5 |Gray fine-med Sand 47
66 65.0-66.5 |Gray fine-med Sand 46
67 70.0-71.5 |Gray fine-med Sand 41
68 75.0-16.5 |Gray fine-med Sand 49
69 80.0-81.5 {Gray fine-med Sand 41
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St. francis river site

.- 8t. Francis River ) |
o | w e B
z E x E g N P § cu
_g E- E Depth Description PP (TSFY =~ Nso we(%) | LLPI |usc| (PSF) § clpsi) ¢
70 90.0-91.5 |Gray fine to med Sand w/ krace gravel 52
71 100.0-101.5 [med to coarse Sand w. trace gravel 62
B-4 80 '0.0-2.5 bm lean CLAY w/ sa & grvi 45 0.86 124
81 4.0-6.5 med brown lean CLAY sftto me, 0.8 0.43 27.1 200 | 30
82 | 4.0-6.5 Lean CLAY soft to med. stiff
jar 6.5-8.0 379
83 8.0-10.5  |Lean CLAY soft to med. stiff
84 | 8.0-10.5 v. stiff lean CLAY 23.6 |48125 |CL
Jar 10.5-12.0 |Lean CLAY, v. stiff 2.8 12 | 235 |36M15
83 10.5-12.0  |Lean CLAY, v. stiff 15
jar 11.5-12.5_  |gry. bm lean CLAY, v. stiff and silty
86 12.5-14.5 [It bm lean Clay very silty and stiff 2.5 0.54 7 24.2. 150 | 33
ar | * 12.0-14.5  JLight bm lean silty CLAY v. stiff
88 14.5-160 [Ltbr clayay SILT, stiff, moist 9? 23/4
450 | * 16.0-18,5 |Lt bm sandy silty CLAY 11 10.6 |19/2
453 | * 20.0-22.5 |Br lean siity sandy CLAY 12.6 X
458 | * | - 24.0-26.5 |Br gray sandy SILT, med. stiff 23.0
459 1 * 28.0-30.5 |Brn gray fine grained 253
461 35.0-36.5 |grey, fine SAND, med 16
452 40.0-41.5 |Gry fine Sand, v. dense 29
463 45.0-46.5 ]Grfine SAND v, dense 83
464 50.0-51.5 |Gr fine SAND, m. dense 23
465 55.0-56.5 |med SAND 75
466 60.0-61.5 |med SAND, dense 26
467 65.0-66.5 [med SAND, dense 55
468 70.0-71.5 |med SAND, dense 47
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St. francis river site

St. Francis River

2E S5 :
5| 2 || Depmn Description ppase) S = N ween | Lum |use (p:",:, 9 cu
@ a1 80 Q cipsi) ¢
469 75.0-76.5 - |med SAND, dense 47
470 80.0-81.5 |fine to maed SAND, v. dense 85
471 90.0-91.5 [fine to med SAND, v. dense 55
472 100.0-101.5 |fine to med SAND, v. dense 45
B-5 - 0.0-2.5 bm, lean CLAY
250 2.5-4.0 Ibm lean CLAY 10
251 4.0-5.5 brn, fean CLAY
253 6.5-8.0 bm, lean CLAY
255 8.0-10.5 |bm, clayey SILT, m. stiff
256 10.5-12.0 [bm, clayey SILT, m. stiff 5
258 | | 12.0-14.5 |Bm clayey SILT, med. stiff to stiff
259 14.0-16.0 |Bm clayey SILT, med. stiff to stiff 4
260 16.0-185 |Bm clayey SILT, med. stiff to stiff
261 18.5-20.0 _ |br sitty fine SAND 4
| 262 20.0-21.5 {br sitty fine SAND 4
263 25.0-26.5 |gray fine sifty SAND 3
264 30.0-31.5 |gray fine siity SAND 2
265 35.0-36.5 |gray fine SAND, dense
266 40.0-41.5 |gray fine SAND, dense
267 " 45,0465 |gray fine SAND, dense 30
268 50.0-51.5 |gray fine SAND, dense 15
. B6 10 0.0-2.3 Br, lean CLAY w/ f. Sand
' 2348 [Gravel
13 | ° 5.0-7.5 Bm clayey SILT, v. siiff
14 7.5-10.0 |Bm clayey SILT, v. stiff
16 | * 10.0-12.5 |Bm clayey SILT, v. stiff




St. francis river site

v

St. Francis River . | '
o w ~ -3 &
ERN ¥ wl|al cu
[ E |z : ok o
_8 LE Depth - Description PPTSFY = | Ngo | wei) | Lt |usc| (PSP - | cipsi) ¢

R 125150 |Bm clayey SILT. v. stiff

2 |* 15.0-17.5 |Bm clayey SILT, v. stiff

22 17.5-20.0  [Bm sitty fine SAND, trace clay

23 | 20.0-21.5  |Bm silty fine SAND, trace clay

24 21.5-23.0 |Bm silty fine SAND, frace clay

25 23.0-24.5 {Bm silty fine SAND, trace clay

26 24.5-26.0 |Bm sifty fine SAND, trace clay 21

27 26.0-27.5 |Bm silty fine SAND, trace clay ) 17

28 27.5-29.0  |Gray brown fine to med SAND 22

29 29.0-30.5 = 1Gray brown fine lo med SAND 17

30 ' 30.5-32.0 |gray fine SAND 14

N 35.0-36.5  |gray fine SAND 28

32 40.0-41.5 |gray fine SAND 75

33 45.0-46.5 [ Gray brown fine SAND ' 75

M 50.0-51.5 |Gray brown fine SAND 80




A.4 St. Francis River Bridge Site Cone Penetrometer Logs
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MODOT St. Francis River
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MODOT St. Francis River
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A.5 Wahite Ditch Bridge Site Test Pits

Not To Scale 7
1. Brown, sandy Gravel, with silt, dry, organics, angular to rounded _
2. Brown-tan, medium coarse Sand, sub angular gravel, loose, dry, organics
3. Gray, mottled Clay, very plastic, moist, organics
4. Tan Sand, loose, very moist, rounded
S. - Grey sandy Clay, soft, moist
6. Brown-red, clayey Sand, moist, gravel present
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Wabhite Ditch Site

s30] Supiog 91§ 23pLg Yonq 2NYLAL 9°V

Wahite Ditch
3
E
W
z 2 e | 3 3
& = Descrioti ; £ ] ©
8 = UMR Depth escription (TSH - N [we(%)| LL/P1 | USC |qu(PSF) G cu
B-1 743 . 0.0-2.5 Br. gray fat clay with sand 9.0+ 0.95 10.1%} 51/29 | CH
744 2.5-50  |Br. gray fat clay with sand 1.50 0.55 15.4%
745 2550 Br. gray fat clay with sand . -
746 . 5.0-73 Br. gray fat clay with sand 1.50 0.50 322%{ 3317 | CL
747 5.0-7.3 Br. gray fat clay with sand 20.1% 1783
748 7.5-10.0  |Br. Fat clay with sand, stiff 1.50, 0.75 35.6%
749 7.5-10.0 |Br. Fat clay with sand, suff
750 * 10.0-12.5 |Br. Fat clay with sand, stiff 1.25 0.70 320%| 73/46 | CH
751 10.0-12.5 |Br. Fat clay with sand, stiff 34.7% 1282
‘752 10.0-12.5 IBr. Fat clay with sand, stiff
753 12.5-15.0 |Br. Fat clay with sand, stiff 1.75 0.75 35051
754 §2.5-15.0 |Br. Fat clay with sand, stiff
755 M 15.0-17.5 |Gr. Tan fal clay with sand, stiff 1.00 0.70 30.8%) 8i1/50 | CH
756 15.0-17.5 |Gr. Tan fat clay with sand, stiff 30.6% 2101
757 15.0-17.5 |Gr. Tan fat clay with sand, stiff
758 17.5-20.0 ]Gr. Tan fal clay with sand, stiff 1.50 0.70 35.1%
759 17.5-20.0° }Gr. Tan fat clay with sand, stiff
760 20.0-21.5 |Tan fim to med sand 58
761 * 21.5-23.0 |Tan firm to med sand 50
762 23.0-24.5 |Tan firm to med sand 72
763 24.5-26.0 |Gr. & tan fine to med sand 63
764 . 26.0-27.5 |Gr. & 1an fine 10 med sand 49
765 ) 27.5-29.0 |Fine Sand 46
766 29.0-30.5 ]Gr. & tan fine 10 med sand 65
90 . 35.0-36.5 |Scattered gravelly layers 66
91 40.0-41.5 |Scattered gravelly layers 73
92 45.0-46.5 |coarse sand 47
9 . 50.0-51.5 |coarse sand 46
94 55.0-56.5 |coarse sand 39
95 » 60.0-61.5 |gravelly @ 62 38
96 65.0-66.5 |Gr. & Tan medium sand 54
97 . 70.0-71.5 \Gr. & Tan medium sand 51
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Wahite Ditch Site

Wahite Ditch
& .
o |y F 5
4 & PP H =
g E UMR D Description F’ g : ‘_ : S
L2 < ‘ epth p (TSF) & Neo | we(s)| LL/PI | USC |a. (PSF) L i

98 75.0-76.5 |Gr. & Tan medium sand 54

9 .. 80.0-81.5 |Gr. & Tan medium sand 51

100 90.0-91.5  |Gr. & Tan mediumn sand 51

101 . 100.0-101.5 |Gr. & Tan medium sand 52

102 110.0-111.5 |cobbles & Gravel @ 108 7

103 . 120.0-121.5 §Tan fine lo coarse sand with trace silt 24

104 130.0-131.5 [Tan finc to coarse sand with trace silt 29

105 140.0-141.5 |Tan fine to coarse sand with trace silt 6l

106 » 150.0-151.5 cobbles & gravel @ 148.6 74

107 160.0-161.5 |Tan fine to coarse sand with trace silt 56

108 170.0-171.5 Lt gr. and tan fine sand 82

169 * 180.0-181.5 [Lt gr. and tan fine sand 96

110 ) 190.0-191.5 |Lt gr. and 1an fine sand 82 382 1 CL

111 . 200.0-201.5 |Gr. Lean clay with sand 2119 | €L

112 200.0-201.5 |200-201.5 gr brown fat clay
B-2 680 2.5-5.0 Gray br fat clay 4.50 0.95

681 . 50-1.5 Gray br fat clay 2.00 0.50 5313 | CcH

682 7.5-10.0  {Gray br fat clay 1.50 (.80

683 7.5-10.0 |Gray br fat clay

684 * 10.0-12.5 | Gray br fat clay 1.25 0.65 5735 | CH

685 . 12.5-15.0 | Bluish grey fat clay with sand in lenses 1.25 0.70 75/46 | CH

686 12.5-15.0 | Bluish grey fat clay with sand in lenses

687 15.2-17.5 |Gray to tan fat clay with sand 1.50 0.65

688 15.2-17.5 |Gray to tan fat clay with sand 35.2% 1807

689 . 17.5-19.5 |Gray to tan fa! clay with sand 1.25 0.65 79/50 { CH

690 - 20.0-20.7 |Tan fine 1o med sand

691 20.7-22.20 |Tan fine to med sand 52

692 22.0-23.5 |Tan fine to med sand 56

693 23.5-25.0 |Tan fine 10 med sand - 52

694 25.0-26.5 |tan and light grey fine 1o med sand 39

695 26.5-28.0 {tan and light grey fine to med sand 42

696 28.0-295  ftan and light grey fine to med sand 49
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Wahite Ditch Site

Wahite Ditch

5 .

o y € =
Z 5 - =
2 = i - o
g < UMR|  Depth Description (TSF) e Nuo | we(a)| LLPI | USC |90 (PSF) ; v

697 » 29.5-31 tan and light grey fine to med sand 53

698 35.0-36.5 |tan and light grey fine to med sand 57

699 * 40,0-41.5 |tan and light grey fine 10 med sand

700 45.0-46.5 |tan and light grey fine to med sand 52

701 * 50.0-51.5 han and light grey fine to med sand 60

702 60.0-61.5 |[tan and light grey fine to med sand 82

703 . 65.0-66.5 |[1an and light grey fine to med sand 56

704 70.0-71.5 |tan and light grey fine to med sand 108

705 . 75.0-76.5 [tan and light grey fine to med sand 96

706 80.0-81.5 |tan and light grey fine 1o med sand 75

707 90.0-91.5  [tan andﬂght grey fine to med sand 39

708 . 100.0-101.5 [tan and light grey fine to med sand 73
B-3 - 0.0-2.9 Tan sand with scattered gravel

591 * 29040 |Grey ltbr. fat clay 275 0.95 23.4%

592 . 8.5-10.0 |Grey fat clay stiff .50 0.70 37.3%

593 85-10.0 |Grey fat clay stiff

594 10.0-12.3  |Grey fal clay stiff 32.6%

595 . 14.1-15.0 |Bluish grey fat clay, stiff 1.50 0.75 33.1%

596 14.1-15.0 |Bluish grey fal clay, stiff

597 b 17.5-190 |Bluish grey fal clay, stiff 1.50 0.70 32.3%) 7353 ] Ch

598 * | 2252420 [tan medivim sand 53

599 24.0-25.5 [tan medivim sand 61

600 . 25.5-27.0 |tan mediuim sand 42

60) 27.0-28.5  Jtan mediuim sand 45

602 » 28.5-30.0 ftan mediuim sand 42

603 30.0-31.5 |1an medivim sand 53

604 35.0-36.5 |1an mediuim sand 54

605 * 40.0-41.5 |tan mediuim sand 51

606 . 45.0-46.5 |ian mediuim sand 53

607 50.0-51.5 |tan mediuim sand 36
B-4 608 . 2.5-50  |{Drk Brown fat clay 104 0.95 13.8%| 39722 { CL
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Wahite Ditch Site

Wahite Ditch
& ,

e | 4 : :
= =3 , PP g -
g <, UMR|  Depth Bescription (TSF) e N | we(%)| 1.0/P1 | USC |qu(PSF) Q cu

609 2.5-5.0 Drk Brown fat clay .

610 5057 Drk Brown fat clay 4.00 0.9 24.0%

611 5.0-5.7 Drk Brown faf clay 1.00 0.60

614 * 7.5-10.0 _ |bluish gray fat clay 0.75 0.50 19.1%| 3317 | CL

6135 7.5-10.0  |bluish gray fat clay

616 10.0-11.9 |bluish gray fat clay 1.00 0.50 21.2%

617 10.0-11.9  |bluish gray fat clay 22.0% 966

618 * 11.9-12.5  |Drk gray fat clay 1.50 0.70 23.3%| 4521 | cL

619 * 12.5-14.9  [Bluish gray fat clay 1.25 0.55 217%| 5235 | CH

620 12.5-14.9 [Bluish gray fat clay .

621 * 15.0-17.5  |Gray fat clay 1.50 0.75 25.0%1 5937 | CH

622 ' 15.0-17.5 |Gray fat clay :

623 15.0-17.5  |Gray fat clay

624 - 17.5-19.4  |Gray fal clay 1.25- 216%]| 4627 | oL

625 17.5-19.4  |Gray fat clay

626 . 19.5-25.0 |Tan fine to med sand 24

627 21.0-22.5 |Tan fine to med sand 26

628 22.5-242.0 {Tan fine to med sand 46

629 24,0-25.5 Tan fine to med sand 19

630 + | 255270 |Tan finc 10 med sand 35

631 27.0-28.5 |Tan fine to med sand 39

632 28.5-30.0 |Tan fine to med sand 39

633 30.0-31.5 | Tan fine to med sand 38

634 * 35.0-36.5 | Tan fine to med sand 43

635 40.0-41.5 |Tan fine 1o med sand 42

636 45.0-46.5 |Tan fine to med sand 56

637 L 50.0-51.5 {Tan finc to med sand 42
B-5 709 * 2.5-50 Gray & brown to tan fat clay 8.00 0.95 206%| 55131 1 CH

710 2.5-5.0 Gray & brown to tan fat clay

T 50-15 Gray & brown to tan fat clay 2.00 0.90 26.1%

712 50-75 Gray & brown to tan fat clay 21.3% 1747
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Wabhite Ditch Site

Wahite Ditch
& .
o w S 5
g g UMR|  Depth Description (TSF) e N | we)| LL/P1L| USC (g4 (PSF) ; U
713 . 7.5-10.0 |Gray & brown to tan fat clay 1.75 0.60 30.9%1] 6338 { CH
714 7.5-10.0 |Gray & brown o tan fat clay :
715 7.5-10.0 [Gray & brown lo tan fal clay
76 10.8-12.5 |bluish gray fat clay 1.25 0.45 40.0%
717 10.8-12.5 |bluish gray fat clay
718 . 12.5-13.4 |bluish gray fat clay 1.50 0.70 30.6%| 69/41 | CH
719 12.5-13.4 ibluish gray fat clay
720 . 15.0-17.5 |Gray and tan fat clay 1.75 0.75 22.1%| 60/39 | CH
721 15.0-17.5 |Gray and tan fat clay 27.1% 1157
722 15.0-17.5 |Gray and tan fat ctay
723 §7.5-18.1 [Gray and 1an fai clay 1.50 0.70 22.5%
724 * 20.0-212.5 |Tan finc to med sand 43
725 - 21.5-23.0 |Tan fine to med sand 56
‘ 726 23.0-24.4 |Tan fine to med sand 55
K 727 . 24.5-26.0 {Tan and gray fine to med sand 48
728 26.0-27.5 |Tan and gray fine to med sand 44
729 27.5-29.0 |Tan and gray fine o med sand 48
730 . 29.0-30.5 |Tan and gray finc 10 med sand 58
731 35.0-36.5 |Tan and gray fine to med sand 62
732 40.0-41.5 |Tan and gray fine to med sand 4]
733 . 45,0-46.5 |Tan and gray finc 1o med sand 46
734 50.0-51.5 |Tan and gray fine to med sand 41
735 * 55.0-56.5 |Tan and gray fine 10 med sand 68
736 60.0-61.5 |Tan and gray fine to med sand 51
737 65.0-66.5 |Tan and gray fine to med sand 54
738 70.0-71.5 |Tan and gray fine to med sand 51
739 M 75.0-76.5 |Tan and gray fine to med sand 80
740 80.0-81.5 |[Tan and gray fine to med sand 60
741 * 90.0-91.5 |Tan and gray fine 1o med sand 43
742 100.0-101.5 Tan and gray fine to med sand 71
B-6 638 . 2.5-50 Drk Brown Fal clay 7.00 0.95 17.8% | 49727 CL
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Wahite Ditch Site

Wahite Ditch
&

o €3] b l E
g g PP E =
8 P UMR|  Depth Description - |asp)| & Neo | we(%)| LL/P1 | wscC |a. (PSF) E cu

639 2.5-5.0 Drk Brown Fat clay

640 5.0-7.5 |Drk Brown Fatclay 2.50 0.85 24.5%

641 * 7.5-10.0 | Drk Brown Fat clay 2.50 0.90 19.8%| 3519 | CL

642 7.5-10.0 |Drk Brown Fat clay

643 N 10.4-11.3 _ |Gray Fat Clay 2.00 0.70 28.2%| 64740 | CH

644 * 12.5-14.8  |Bluish gray fat clay 1.50 0.75 22.2%| 49730 | CL

645 12.5-14.8 |Bluish gray fat clay ’

646 . 15.0-17.3  |Gray and tan fat clay 2.00 0.80 25wl 5134 ] cH

647 15.0-17.3 | Gray and tan fat clay 20.5% 2883

648 15.0-17.3  |Gray and tan fat clay

649 * 17.5-200 | Gray clayey sand 2.00 0.35 16.0%| 3417 | CL

650 20.0-204 |Gray clayey sand

651 . 20.0-21.5 |Tan fine to med sand 27

652 * 21.5-23.0 |Tan fine to med sand 34

653 23.0-24.5 {Tan fine to med sand 38

654 . 242.5-26.0 |Tan fine to med sand 42

655 26.0-27.5 {Tan fine to med sand 19

656 275-290 jTan fine to med sand 48

657 * 29.0-30.5 |Tan fine to med sand 39

658 * - 35.0-36.5 }Tan fine to med sand 58

659 40.0-41.5 {Tan fine to med sand s8

660 * 45.0-46.5 |Tan fine fo med sand 53 =

661 50.0-51.5 |Tan fine to med sand 30




A.7 Wahite Ditch Bridge Site Cone Penetrometer Logs
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MODOT Wabhite Ditch
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MODOT Wahite Ditch
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B. LABORATORY DATA

B.1 Cyclic Stress Test Results
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Moduius Reduction (GIGmax)
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B.2 St. Francis River Site Laboratory Results
St. Francis River |

I ic E| 2
g Z| £ 44 2l S @
- - el . B z
@ s Depth Description PP (TSF) = Ngo | we(%)| LL/PI JUSC (l’g'r") g
B-1| 473 0.0-1.0 Bm silty CLAY w/ gravel 43 |0.60 11.3
474 | * | 0.0-1.0 Br.silean CLAY 31/10
pen 1.0-2.5 [Bm Silty lean CLAY 4.5 21
415 2.5-5.0 |Brown silty lean CLAY 9.0 [0.60 15.8 31/1¢ [CL 300/ 32
476 2.5-5.0 [Brownsilty lean CLAY 3.5 10.65 6446
pen 5.0-6.5 |Br, silty lean CLAY 5.0 - 1121174
477 6.5-8.4 [Br,gray mottled si CLAY .5 |0.55
478 | * | 6.5-8.4 [Br, gray mottled si CLAY 1.50 214
Br/gr mottled si CLAY, intermix
pen §.4-9.9 [siltstone 9.0 - |73]1195
479 10.0-12.5 [Gray Clayey SILT 80 |0.70 17.8
480 10.0-12.5 |Gray Clayey SILT 45 1035 , 6532
pen 12.5-14.0 |Gray clayey SILT 1.2 - |10
481 14.0-15.5 |Gray clayey SILT 3.0 | 040 19.1
482 | * 114.0-15.5 [Gray clayey SILT 29/12 [CL X
pen 15.5-17.0 [Gray SILT to clayey SILT 2.5 - 1191 20.6
483 17.0-19.5 |Gray SILT to clayey SILT 2.8 |0.65 22.5
484 17.0-19.5 [Gray SILT to clayey SILT 28 1065 2603
pen 19.5-21.0 |Gray SILT, stiff to v. stiff 3.0 - 117[259
485 21.0-23.5 |Gray SILT v. stiff 4.0 |045 24.6
486 | * [21.0-23.5 |Gray SILT very stiff
pen 23.5-25.0 |Gray SILT to 24.5, gray fine SAND 3.3 - 1261239
487 25.0-27.5 |Brown Silty sand, too brittle to wrap
489 27.5-29.0 IBrown fine grained Sand, dense, wet 28
Brown/grey fine grained Sand, dense,|
490 35.0-36.5 [wet : 26
(Gray fine grained Sand, very dense, .
491 40.0-41.5 [wet 75
) Gray fine grained Sand, very dense,
492 45.0-46.5 jwet 71
Gray fine-medium Sand, very dense,
493 50.0-51.5 jwet 75
494 $5.0-56.5 |Gray medium Sand, dense, wet 38
1.495 60.0-61.5 {Gray medium Sand, very dense, wet -op |82
496 65.0-66.5 |Gray medium Sand, dense 133
497 70.0-71.5 |Gray medium Sand, dense 40
4938 75.0-76.5 |Gray medium Sand, dense 35
499 80.0-81.5 |Drk gray fine-med silty sand, dense 38
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Et. Francis River

¥ 2| = = o T 3 3
$IEE % 2 S8 B Fo
al| & = a S o= H =
Description PP(TSF) Nes | we(%) E;
100.0-
501 101.5 |Gray med Sand, fine gravel, v. dense 73
110.0- |Gray med-coarse Sand w/ f. gravel v.
369 111.5 idense 72
120.0- (Gray Coase Sand w/ m. sand and f,
370 121.5 v. 123
130.0- [E:me'sh-gry coarse Sand w/ m. sa
in 131.5 jand fine grav 56
140.0-
142.0 _ |Coarse Sand and cobbles
143.0- |.
372 144.5 [Gray coarse Sand and coarse grav 142
153.0-
373 157.5 |Gray medium Sand, v. dense 91
163.0-
374 164.5 |Gray medium Sand, v. dense 92
170.0- .
375 171.5  |Gray medium Sand, v. dense 139
180.0-
180.2 |Cobble
190.0-
191.5 Cobbles and boulders
B-2| pen 0.0-2.5 [it grey silty clay 1.8 10.65 17.0
346 2.5-4.0 _[reddish brn mottled CLAY 5.1 10
347 4.0-6.5 [med. Grey lean CLAY v. stiff 38 046 20.0
348 | * | 4.0-6.5 Med. gray lean CLAY w/ silt, v. stiff
jar 6.5-1.5 61164
£0.5-12.0 no recovery 16
349 12.0-14.5 7.0 |045 17.9
350 | * 112.0-14.5 Medsgray lean CLAY w/ silt, v. stiff 380 34
351 14.7-16.0 [It to brn lean CLAY w/ silt v. stiff 20 12
bag 16.0-16.6
352 '16.0-16.6 8.0 1060
353 17.0-19.5 [lt tan andy SILT 20 |0.40
354 17.0-19.5 [It tan andy SILT ' 24.1 1328
358 | * | 21-23.5 [Lt. Tan sa SILT stiff to v. stiff 25.5 X
359 24.5-25.0 Lt grey SILT 8
360 25.0-25.8 Imissing ) _
361 25.8-27.5 [It brn silty SAND 05 {023
362 25.8-27.5 {It brn silty SAND
363 27.5-28.5 {It brn med. Sand 15
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St. Francis River
] = g~ - E =
Description PP(TSF) Nes | we(%) el

364 29.0-31.5 fit. Gray medium Sand 15
365 35.0-36.5 It. Gray medium Sand 18
366 40.0-41.5 [t. Gray medium Sand 59
367 45.046.5 |t. Gray medium Sand 35
368 50.0-51.5 {it. Gray medium Sand 50

B-3| AL 0.0-1.2 |Brn sandy lean CLAY 4.5 0.95 10.9
jar 1.2.2.7 lbm lean CLAY, V. stiff 45 191 15.7
42 3.0-5.5 lin Bm CLAY, v. stiff 1.3 23.2
43 * 3.0-5.5 ’In Brn CLAY, v. stiff 280% 35
jar 5.5-7.0 Iln Bm CLAY, v. stiff 6 | 23.2 {
44 7.0-9.5 |In Brn CLAY, v. stiff 2.8 0.90 23.5 |
45 * 7.0-9.5 iMoist SILT
46 7.0-9.5 iMoist SILT
jar 9.5:14.0 |Moist SILT 2.5 7| 219 !
jar 10.5-14.0 [Gray Clayey SILT 2.3 9 1235
47 11.0-13.5 iGray Clayey SILT 28 0.90
48 * 1 11.0-13.5 |Gray clayey SILY X
jar 13.5-15.0_|Gray clayey SILT 10 f
jar 14.5-15.0_|tan fine SAND 19
49 15.0-16.1_jgry brn fine SAND
50 16.1-17.6 _[Gray brown f. Sand, locse to med dense 16
51 18.0-19.5 |Gray brown f. Sand, loose to med dense
§2 19.5-21.0 Gray brown f. Sand, loose to med dense
53 21.0-22.5 ry—bfn to tan f. Sand wi lean clay 15
54 22.5-24.0 try-brn to tan f. Sand w/ lean clay 24
55 24.0-25.5 [Gray fine-med Sand 16
56 25.5-27.0 iGray fine-med Sand 28
57 275.0-28.5 |Gray fine-med Sand 28
58 28.5-30.0 iGray fine-med Sand 23
59 30.0-31.5 iGray fine-med Sand 50
60 35.0-36.5 |Gray fine-med Sand - 1856
61  40.0-41.5 iGray fine-med Sand - 78
62 45.0-46.5 [Gray fine-med Sand 26
63 50.0-51.5 [Medium Sand 26
64 '55.0-56.5_|Gray fine-med Sand a1 i
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St. Francis River
o ¢ Fl
Description PP(TSF) = Neo | we(%) vs ~

65 60.0-61.5_(Gray fine-med Sand 47

66 65.0-66.5 |Gray fine-med Sand 46

67 70.0-71.5 _[Gray fine-med Sand 41

68 75.0-76.5 [Gray fine-med Sand 49

69 80.0-81.5 |Gray fine-med Sand 41

70 90.0-81.5 |Gray fine to med Sand w/ trace gravel 52

71 100.0-101.5/med to coarse Sand w. trace gravel 62

B-4] 80 0.0-2.5 (bm lean CLAY w/ sa & grvi 4.5 0.86 124

81 4.0-6.5 |med brown lkean CLAY sft to me. 0.8 0.43 27.1 2001 30
82 * 4.06.5 |Lean CLAY soft to med. stiff

jar 6.5-8.0 37.9

83 8.0-10.5 [Lean CLAY soft to med. stiff

84 * 8.0-10.5 |v. stiffiean CLAY 23.6 48/25 [CL

Jar 10.5-12.0 |Lean CLAY, v. stiff 28 12| 23.5 |36M15

85 10.5-12.0 lLean CLAY, v. stiff 15

jar 11.5-12.5 gry, brn lean CLAY, v. stiff and silty

86 12.5-14.5 {Iit bm lean Clay very silty and stiff 25 054 | 7 | 24.2 150] 33
87 | * | 12.0-145 1gght brn lean silty CLAY v. stiff

83 14.5-16.0 Lt brn clavey SILT, stff, moist 97 23/4

450 | * | 16.0-18.5 |Lt bm sandy silty CLAY 111 10.6 [19/2

453 | * | 20.0-22.5 |Brlean silty sandy CLAY 12.6 X
456 { * | 24.0-26.5 |Bm gray sandy SILT, med. stiff 23.0

459 | * | 28.0-30.5 [Brm gray fine grained 25.3
461 35.0-36.5 lgrey, fine SAND, med 18
462 40.041.5 |Gry fine Sand. v. dense 29
463 45.0-46.5 iGr fine SAND v. dense 63
464 50.0-51.5 Gr fine SAND, m. dense 23

465 55.0-56.5 |med SAND 75

466 60.0-81.5 |med SAND, dense 26

467 65.0-66.5 jmed SAND, dense 55

468 70.0-71.5. imed SAND, dense a7

469 | | 75.0-765 med SAND; dense __ 47

470 80.0-81.5 _[fine to med'SAND, v. dense 85

471 80.0-91.5 |ﬁne to med SAND, v. dense 55

472 100.0-101 .5|ﬁne to med SAND, v. dense 45
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St. Francis River

u . _
al & | = < 3t = |- 30|
Description PP(TSF) Nos | we(%) %
B-5| - 0.0-2.8 b, lean CLAY
250 2.5-4.0 b, lean CLAY 10
251 4.0-5.5 |bm, lean CLAY
253 6.5-8.0  |bm, lean CLAY
255 8.0-10.5 |bm, clayey SILT, m. stiff 7
256 10.5-12.0 |bm, clayey SILT, m. stiff 5
258 | * | 12.0-14.5 [Bm clayey SILT, med. siiff to stiff
259 14.0-16.0 |Bm clayey SILT, med. stiff to stiff 4
260 16.0-18.5 |Bm dayey SILT, med. sfiff to stiff
261 18.5-20.0 ibr silty fine SAND 4
262 20.0-21.5 {br silty fine SAND 4
262 - 25.0-26.5 lgray fine silty SAND 3
264 30.0-31.5 jgray fine silty SAND 2
265 35.0-36.5 |gray fine SAND, dense
266 40.0-41.5 [gray fine SAND, dense
267 45.0-46.5 Igray fine SAND, dense 30
268 50.0-51.5 gray fine SAND, dense 15
86| 10 0.0-2.3 |Br, lean CLAY w/ f. Sand
2348 [Gravel
13 * 5.0-7.5 [Bm clayey SILT, v. stiff
14 7.5-10.0 [Bmn clayey SILT, v. stiff
16 * | 10.0-12.5 Brn clayey SILT, v. stiff
17 12.5-15.0 [Bm clayey SILT, v. stiff
20 | * | 15017.5 |Bm clayey SILT, v. stiff
22 17.5-20.0 {Brn silty fine SAND, trace clay
23 20.0-21.5 lBm silty fine SAND, trace clay 4
24 21.5-23.0 [Bm siity fine SAND, trace ciay 2
25 23.0-24.5 |Bm silty fine SAND, trace clay 5
26 24.5-28.0 |Bmn silty fine SAND, trace clay 21
27 26.0-27.5 |Bm silty fine SAND, trace clay 17
28 . 27.5-29.0 |Gray brown fine to med SAND 122
20 | | 29.0-30.5 |Gray brown fine to med SAND 147
30 30.5-32.0 igray fine SAND 14
3 35.0-36.5 I:ray fine SAND 28
32 40.0-41.5 |gray fine SAND 75
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St. Francis River
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= o = £ - - < =
£ 818 % 3 5§18 B
& & 1| > a . 3 oc I = El o] B
Description PP(TSF) Nea | we(%) £
33 45.0-46.5 [Gray brown fine SAND 75
34 50.0-51.5 |Gray brown fine SAND 80
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B.3 Wahite Ditch Bridge Site Laboratory Results

Wahite Ditch
. - ”
- -
UMR Depth Description PPTSEY | Neowe(%)|LL/PIUSCla (PSF)
B-1 743 . 0.0-2.5 Br. gray fat clay with sand 9.0+ 0.95 10.1%[51/29| CH
744 - 2.5-50 Br. gray fat clay with sand 1.50 0.55 15.4%
745 2.5-50 Br. gray fat clay with sand - -
746 * 5.0-7.3 Br. gray fat clay with sand 1.50 0.50 32.2%{3¥17| CL
747 5.0-7.3 |Br. gray fat clay with sand 29.1% 1783
748 i 7.5-10.0 Br. Fat clay with sand, stiff 1.50 0.75 35.6%
149 7.5-10.0 Br. Fat clay with sand, stff
750 * 10.0-12.5 Br. Fat clay with sand, stiff 1.25 0.70 32.0%]73/46| CH
751 10.0-12.5 Br. Fat clay with sand, stiff 34.7% 1282
752 10.0-12.5 Br. Fat clay with sand, stiff
753 12.5-15.0 Br. Fat ¢lay with sand, stiff 1.75 0.75 35.0%
754 12.5-15.0 Br. Fat clay with sand, stiff
755 . 15.0-17.5 Gr. Tan fat clay with sand, stiff L.00 0.70 30.8%|81/50| CH
756 15.0-17.5 Gr. Tan fat clay with sand, stiff 30.6% 2101
757 15.0-17.5 IGr. Tan fat clay with sand, stiff’
758 17.5-20.0 [Gr. Tan fat clay with sand, stiff’ 1.50 0.70 35.1%
759 17.5-20.0 IGr. Tan fat clay with sand, stiff
760 20.0-21.5 Tan firm to med sand 58
761 . 21.5-23.0 [Tan firm to med sand 51
762 23.0-24.5 Tan firm to med sand 72
763 24.5-26.0 [Gr. & tan fine to med sand 63
764 . 26.0-27.5 IGr. & tan fine to med sand 49
765 27.5-29.0 Fine Sand 46
766 29.0-30.5 Gr. & tan fine to med sand 65
90 * 35.0-36.5 Scattered gravelly layers 66
91 40.0-41.5 Scattered gravelly layers : - 173
: Thin gravelly layers, medium
92 45.0-46.5 _ iwith coarse sand 47
Thin gravelly layers, medium
93 * 50.0-51.5 iwith coarse sand 46
: Thin gravelly layers, medium
94 55.0-56.5 with coarse sand . 39
) black with organics tfrom 60.6-
95 . 60.0-61.5 61.05, gravelly @ 62 : 38
96 | 65.0-66.5 IGr. & Tan medium sand 54
97 d 70.0-71.5 Gr. & Tan medium sand 51
98 | 75.0-76.5 |Gr. & Tan medium sand _ 54
99| *+ | 800815  [Gr.& Tan mediumsand 1 gsi]
100]. "~ - 90.0-91.5  IGr. & Tan meditim sand _ |51
101 . 100.0-101.5 * |Gr. & Tan medium sand 1o ‘ 52
102 110.0-111.5  {cobbles & Gravel @ 108 73
: Tan fine to coarse sand with
103 - 120.0-121.5  {trace silt 24
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Wahite Ditch

z s 32 2
S < s o
-1 P o -
UMR Depth Description PP (TSFY Neo [we(%) LL/PIUSClg, (PSF) 5]
Tan fine to coarse sand with
104 130.0-131.5  [trace silt 29
Tan fine to coarse sand with
105 140.0-141.5  |trace silt 61
106 * 150.0-151.5 cobbles & gravel @ 148.6 74
Tan fine to coarse sand with
107 160.0-161.5  itrace silt 56
108 170.0-171.5 ILt gr. and tan fine sand 82
109 * 180.0-181.5 (Lt gr. and tan fine sand 96
110 190.0-191.5  |Ltgr. and tan fine sand 82 38/22} CL
il » 200.0-201.5__|Gr. Lean clay with sand a9l cL
112 200.0-20L.5 _ [200-201.5 gr brown fat clay .
B-2 680 2.5-5.0 Gray br fat clay 4.50 0.95
681 . 50-7.5 Gray br fat clay 2.00 (.50 53/331CH
682 7.5-10.0 iGray br fat clay 1.50 (.80
633 7.5-10.0 iGray br fat clay
684 . 10.0-12.5 Gray br fat clay 1.25 0.65 57/35] CH
Bluish grey fat clay with sand in
685 * 12.5-15.0 lenses 1.25 0.70 75/46| CH
Bluish grey fat clay wath sand in
686 12.5-15.0 lenses
687 15.2-17.5 iGray to tan fat clay with sand 1.50 0.65
683 15.2-17.5 [Gray to tan fat clay with sand 35.2% 1807
689 . 17.5-19.5 iGray to tan fat clay with sand 1.25 0.65 79/50]| CH
690 * 20.0-20.7 Tan fine to med sand
691 20.7-22.20  [Tan fine to med sand 52
692 22.0-23.5 [Tan fine to med sand 56
693 23.5-25.0 Tan fine to med sand 52
tan and light grey fine to med
694 25.0-26.5 sand 39
tan and light grey fine to med
695 26.5-28.0 sand 42
tan and light grey fine to med
696 28.0-29.5 sand 49
a tan and light grey fine to med
697 * 29.5-31 and 53
Iun and light grey fine to med
698 35.0-36.5 sand 57
I;an and light grey fine to med
699 * 40.0-41.5 and
and light grey fine to med
700 45.0-46.5 sand - 52
‘ ‘ and light grey fine to med
701 * 50.0-51.5 sand 60
tan and light grey fine 10 med
702 60.0-61.5 sand ) 82
C. B tan and light grey fime to med .
703§ * 65.0-66.5. Isand . i . ) 56
) tan and light grey fine to med
704 70.0-71.5 ° -|sand 108
. I:n and light gréy fine to med
705 . 75.0-76.5 nd 96
tan and light grey fine to med
706 30.0-81.5 sand 75
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Wahite Ditch

2 |z H :
= 3 44 =
2 5 e= <
UMR Depth Description PP (TSF) Neo jwe(*% ) LL/PIUSC|g. (PSF) -
tan and light grey fine to med
707 50.0-0t.5 sand 39
tan and light grey tine to med
708 * 100.0-101.5  [sand 73
B-3 - 0.0-2.9 Tan sand with scattered gravel
591 - 2.90-4.0 IGrey It br. fat clay 2.5 0.95 23.4%
592 * 8.5-10.0 Grey fat clay stff 1.50 0.70 37.3%
593 3.5-10.0 Grey fat clay stiff
594 10.0-12.3 Grey fat clay stiff 32.6%
595 * 14.1-15.0 Bluish grey fat clay, stiff 1.50 0.75 33.1%
596 14.1-15.0 Bluish grey fat clay, stiff’
597 . 17.5-19.0 Bluish grey fat clay, stiff 1.50 0.70 32.3%|73/531CH
5081 -+ 22.5-242.0 tan mediuim sand 53
509 24.0-25.5 tan mediuim sand 61
600 * 25.5-27.0 tan mediuim sand 47
601 27.0-28.5 tan mediuirn sand 45
02| -+ 285300 __|tan mediuim sand 42
603 300-31.5  htan mediuim sand s3
604 35.0-36.5 |tan mediuim sand 54
6035 > 40.0-41.5 I!an medivim sand 51
606 - 45.0-46.5 Itan mmediuim sand 53
607 50.0-51.5 Iun medivim sand 36
B-4 608 . 2.5-50 Drk Brown fat clay 10+ 0.95 13.8%(39/22} CL |
609 2.5-50 Drk Brown fat clay
610 5.0-5.7 Drk Brown fat clay 4.00 0.90 24.0%
611 5.0-5.7 Drk Brown fat clay 1.00 0.60
614 . 7.5-10.0 Ibluish gray fat clay 0.75 0.50 19.1%{33/17{ CL
615 7.5-10.0 lbluish gray fat clay
616 100-11.9 _ [bluish gray fat clay 100 | oso 21.2%
617 10.0-11.9 Ibluish gray fat clay 22.9% 966
618 * 11.9-12.5 Drk gray fat clay 1.50 0.70 23.3%145/211 CL
619 b 12.5-14.9 Bluish gray fat clay 1.25 (.55 21.7%)| 52/35{ CH
620 12.5-149 Bluish gray fat clay
621 * 15.0-17.5 Gray fat clay 1.50 0.75 25.0%| 59/37| CH
622 15.0-17.5 Gray fat clay
623 15.0-17.5 Gray fat clay
624 b 17.5-19.4 Gray fat clay 1.25- 21.6%]|46/27] CL.
625 17.5-194  {Gray fat clay '
1626] - 19.5-21.0 Tan fine to med sand 24
627 | 21.0-22.5 __ [Tan fine to'med sand _ 26
628 22.5:242.0 _[Tan fine to med sand 46
629 24.0-25.5  |Tan fine to med sand 39
630 IE 25.5-27.0 ITan fine to med sand 35
631 27.0-28.5 [Tan fine to med sand 39
632 28.5-30.0 Tan fine to med sand 39
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Wahite Ditch
~ -

=] < s S.) e

2 4| umMR Depth Description PR(TSFY & | Ng weu)lLLPilusdo, sk ©
633 30.0-31.5 Tan fine to med sand 38
634 b 35.0-36.5 Tan fine to med sand 43
635 40.041.5 [Tan fine to med sand 42
636 45.046.5 Tan fine to med sand 56
637 - 50.0-51.5 [Tan fine to med sand 42

B-5 709 b 2.5-5.0 (Gray & brown to tan fat clay 8.00 0.95 20.6%|55/31|CH
710 2.5-50 iGray & brown to tan fat clay
711 50-7.5 Gray & brown (o tan fat clay 200 | 090 26.1%
712 5.0-7.5 (Gray & brown to tan fat clay 21.3% 1747
713 b 7.5-10.0 Gray & brown to 1an fat clay 1.75 0.60 30.9%]63/381 CH
714  75-100 __ [Gray & brown to tan fat clay
715 7.5-10.0 IGray & brown to tan fat clay
716 10.8-12.5 biuish gray fat clay 1.25 0.45 40.0%
77 10.8-12.5 bluish gray fat clay
718 * 12.5-13.4 bluish gray fat clay 1.50 0.70 30.6%|69/41| CH
719 12.5-13.4 Ibluish gray fat clay
720 * 15.0-17.5 iGray and tan fat clay 1.75 0.75 22.1%| 60/39| CH
721 150-17.5  [Gray and tan fat clay 27.1% 1157
722 15.0-17.5 iGray and tan fat clay
723 17.5-18.1 (Gray and tan fat clay 1.50 0.70 22.5%
724 * 20.0-212.5  |Tan fine to med sand 53
725 21.5-23.0 Tan fine to med sand 56
126 230244 [Tan fine to med sand 55
727 * 24.5-26.0 ITan and gray fine to med sand 48
728 26.0-27.5 an and gray fine to med sand 44
729 27.5-29.0 [Tan and gray fine to med sand 48
730 * 29.0-30.5 [Tan and gray ﬁnc to med sand 58
731 35.0-36.5 Tan and gray fine to med sand 62
732 40.0-41.5 [Tan and gray fine to med sand 41
733 * 45.0-46.5 Tan and gray fine to med sand 46
734 50:0-31.5___[Tan and gray fine to med sand 41
735 . 55.0-56.5 [Tan and gray fine to med sand 68
136 60.0-61.5 [Tan and gray fine to med sand 5
737 65.0-66.5 [Tan and gray fine to med sand 54
718 70.0-71.5 [Tan and gray fine to med sand 51
739 . 715.0-76.5 Tan and gray fine to med sand 30
740 £0.0-81.5 [Tan and gray fine to med sand 60
741 * 90.0-91.5 ' [Tan and gray fine to med sand 43

.} 742 100.0-101.5  |Tan and gray fine to med sand 71

B-6  |638| » 2.5-50 Drk Brown Fatclay b 700 | 095l |t78%|e9n7| L
639 2.5-5.0 Drk Brown Fat clay
640 5.0-7.5 Drk Brown Fat clay 2.50 0.85 24.5%
641 * 7.5-10.0 Drk Brown Fat clay 2.50 0.90 19.8%]35/191 CL
642 7.5-10.0 Drk Brown Fat clay
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Wahite Ditch |
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g |3 5 2<
& 4| UMR Depth Description PPTSFY ™ | Ng we()LL/PIUSClo, @sFY

643 * 10.4-11.3 Gray Fat Clay 2.00 0.70 28.2%|64/40} CH

644 * 12.5-14.8 Bluish gray fat clay 1.50 0.75 22.2%|49/30| CL

645 12.5-14.8 Bluish gray fat clay

0646 . 15.0-17.3 CGray and tan fat clay 2.00 0.80 21.5%]51/34{ CH

647 15.0-17.3 Gray and tan fat clay 20.5% 2883

648 15.0-17.3 Gray and tan fat clay

649 . 17.5-20.0 Gray clayey sand 200 0.35 16.0%|34/17| CL

650 20.0-20.4 Gray clayey sand

.| 651 . 20.0-21.5 Tan tine to med sand 27

652 . 21.5-23.0 Tan fine to med sand 34

653 23.0-24.5 Tan fine to med sard 33

654 . 242.5-26.0 Tan fine to med sand 42

655 26.0-27.5 Tan fine to med sand 19

656 27.5-29.0 Tan fine to med sand 41

657 * 29.0-30.5 Tan fine to med sand 39

658 . 35.0-36.5 Tan fine to med sand 55

659 40.0-41.5 Tan fine to med sand 58

660 * 45.0-46.5 Tan fine to med sand 58

661 50.0-51.5 Tan fine to med sand 34
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C.  SOFTWARE DESCRIPTION

Descriptions of the major analysis software are given below.
C.1 SHAKE9I and SHAKEDIT |

C.1.1 SHAKE%

SHAKE9! is a computer program for conducting equivalent linear seismic response
analyses of horizontally layered soil deposits. Modified program is based on the original
SHAKE program (Schnabel, Lysmer and Seed 1972) and modifications by Idriss and
Sun (1991).

C.1.2 SHAKEDIT Program

SHAKEDIT is a Windows based “pre- “and “post-“processor for SH4KE9!. In a typical
application, SHAKEDIT is used to create an input file for SHAKE91. User-friendly
screens are provided to input the data for the different SHAKE9! options, and then to
create an input file. After executing SHAKE9!, SHAKEDIT is used to process the output
files, and to create a series of files containing acceleration and/or stress/strain time history
data, response spectrum and amplification data, etc. The results can also be viewed
graphically in SHAKEDIT, and the graphics created can be saved/printed for inclusion in
documents. On-line help is provided for most editing and graphing operations. The
information presented in this manual assumes that the reader is are familiar with
SHAKE9! and the different options used in the program. However, all the results have
been added to E-files.

C.2 Modified DDRW2 Program

The modified DDRW2 program is used to calculate displacement of rigid retaining walls during
real earthquake loading and considering nonlinear soil properties. The DDRW2 program is a
modification of DDRW1 program in which only dry soil and sinusoidal ground motion were
used. The former has been modified to include deck loads and their time dependent inertia forces
as for bridge abutments for 81mply supported decks and assumed restrained by the deck with
integral construction. Soil is considered non-linear. Therefore both material and radiation
damping are included in the solution. :

The following stiffness and dampmg factors were calculated by appropriate methods for 2-
dimensional case. : , :

kz' kx‘ k¢, kye and Cz‘ Cx‘ C¢ . Cye

Where;
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k, = stiffness of single pile for translation along z axis

k. = stiffness of single pile for translation along x axis

= stiffness of single pile for rocking about y axis

kye = cross couple stiffness of single pile for sliding along x-axis and
rocking about y axis

¢, = damping of single pile for translation along z axis

¢y = damping of single pile for translation along x axis

¢y = damping of single pile for rocking about y axis

Cy = cross couple stiffness of single pile for sliding along x-axis and
rocking about y axis

£

These stiffness and damping parameter had been computed both as function of strain and linear-
displacement. :

The results give displacements (sliding, rocking and total displacement) of bridge abutment as a
function time.

C.3 PCSTABLS

The following program description is modified from the S7T4ABL homepage a:
http://www.ecn.purdue.edu/STABL/. Version 5 of the program was used for this study.

PCSTABL is a computer program written in FORTRAN for the general solution of slope stability
problems by two-dimensional limiting equilibrium methods. The calculation of the factor of
safety against instability of a slope is done using one of the following methods: Bishop
Simplified Method (applicable to circular shaped failure surfaces), Janbu Simplified Method
(applicable to failure surfaces of general shape), and Spencer's Method (applicable to any type of
surface). The Janbu Simplified Method has an option to use a correction factor, developed by
Janbu, which can be applied to the factor of safety to reduce the conservatism produced by the
assumption of no interslice forces.

PCSTABL features unique random techniques for generation of potential failure surfaces for
subsequent determination of the more critical surfaces and their corresponding factors of safety.
One technique generates citcular; another, surfaces of sliding block character; and a third, more
general irregular surfaces of random shape. The user can also specify specific trial failure
surface. :

For this study, PCSTABLS was coupled With STEDwin, a pre- and post-processing program that
simplifies data entry into the PCSTABLS program and improves the quality of graphical output
diagrams. ' ’

C.4 S4AP2000
SAP2000 is a pdwcrful structural analysis software tool. Mahy types of analyses may be

completed in SAP2000, including static, dynamic, linear and nonlinear seismic, P-Delta, and
vehicle live loads for bridges. A wide variety of frame and shell structural sections may be used
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in modeling, including beam-columns, membranes, and plates. SAP2000 also offers multiple

coordinate systems, a variety of joint constraints, many loading options, and capacity for very
large structural models.

AS50



D. DETAILS OF SYNTHETIC GROUND MOTION

D.1 Task
The requirements are as follow:

Provide site-specific hard rock motions for two bridge sites in southeastern Missouri:
¢ St. Francis River Bridge (36.8°N, 90.2°W)
¢  Wahite Ditch Bridge (36.8°N, 89.7°W)

The rock motions are to be for annual probabilities of 2% probability of exceedance in 50 years,
and 10% probability of exceedance in 50 years. The motions should consist of 5-horizontal and
5-vertical ground motions, considering both near-field and far-field earthquake events.

D.2. Overview of problem

The location of the two sites is shown in Figure D.4.1 together with neighboring earthquake
locations for the time period 1974-1995. The St. Francis site is about 37 - 150 km from possible
earthquakes in the active part of the current seismicity zone, while the Wahite Ditch is about 15 -
150 km from active seismicity. _

In the preparation of the 1996 NEHRP maps, the USGS considered other possible locations
obtained by moving the 'Z' seismicity pattern westward slightly to the edge of the ancient right
and eastward to the eastern boundary. They then assigned weights of 1/3 to each of the three
patterns.

D.3. Defining earthquakes

The USGS 1996 maps equally weighted two ground motion magnitude - distance relations: one
based of the Toro and McGuire model for EPRI and the other a purely USGS model. The 1996
maps were generated for a nationwide NEHRP B-C soil condition boundary so that one could
use the methodology in FEMA-273, for example, to adjust the mapped values to sites with other
than the B-C soil condition in the upper 30 meters. The FEMA site adjustment factors are not
applicable to these two bridges for two reasons: first, the surface soil conditions have shear-wave
velocities closer to 150-200 m/sec (Paul Mayne and Glenn Rix, Georgia Tech, MAE Center
research) and second, the soils are much deeper than 30 meters thick -- the depth to rock at the
St. Francis and Wahite bridges site may be about 100 m and 200 m, respectively. Thus the
ground motion values and the NEHRP site factors are not applicable to this study. The effect of
the deep sediments on surface motions consists of two competing effects. The reduction of shear-
wave going from the hard rock to the overlying soil introduces a site amplification that increases
with frequency (basically amplitude increases as a wave propagates into a medium with lower
impedance). This amplification is counteracted by a reduction in high frequency content due to
intrinsic and scattering Q (damping) in the soil ¢olumn. These effects are discussed in MAE
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Center Ground Motion Models , Prototype CUS Hazard Maps , Prototype CUS Hazard Maps,
. Mmax effect, CUS Hazard Maps Project and FEMA Site Factors vs. Deep Soil . These
studies used linear wave propagation theory to test the sensitivity of expected ground motions to
the deep soil structure.

For site-specific studies, the effect of non-linear soil response must be considered though. The
question s at what depth in a deep soil column, should one start using non-linear analysis. This
is no easy response since fundamental experimental work must be done on the behavior of
materials at the high confining pressures encountered at such depths. The Mid-America
Earthquake Center is addressing this issue. It seems that linear motions can be propagated
upward to about 100 - 200 meters depth, at which point non-linear analysis is required. Since the
St. Francis and Wahite Bridge site soil sections are not excessively thick, standard non-linear or
pseudo-non-linear analyses should be performed. However, the shear-wave velocity profile
should be similar to that available from (MAEC GT-1 Deep Soil Model). In addition the non-
linear analysis should have a low-strain damping floor of about 2.5% (Q=20).

To provide suitable time series, we start with the USGS 1996seismic hazard maps. By entering a
latitude and longitude at the USGS - National Seismic Hazard Mapping Project , I obtained the
following results:

Table D.1 Time Series for Study Sites

10 % PE in 50 2%PEin 50 .
Year Year
(%g) (%)
St. Francis River '

PGA 15.83 64.32

0.2 sec SA 31.37 125.21
0.3 sec SA 24.01 105.10
1.0 sec SA 7.72 37.92

Wabhite Ditch

PGA 19.62 134.33

0.2 sec SA 38.17 275.53
0.3 sec SA 27.56 226.43
1.0 sec SA 18.68 89.11

The excess precision is the table is not meaningful, though. The next step is to find a suite of
distances and magnitudes that provide these values. This is easy to do by a table lookup of the

" ground motion parameter as a function of magnitude and distance (the USGS ground motion
model enters into the hazard analysis code by a table lookup) ; one need only search through this
table for the best fit to these surface B-C mapped values. Performmg thls exercise, the following
are acceptable combmanons : : :

These magnitudes ‘and distances will not be used fo generate time series for each site and

probability. To accomplish this, I use the band-limited Gaussian white noise technique of Boore
(1922) (see CUS ground motion page for links to D. Boore's programs). Specifically I use the
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program dorvt180 and td_drvr together with auxiliary programs for display. I also use the CUS
deep soil ground motion model with F96 (USGS96 source scaling) given on the CUS ground
motion web page, with a soil thickness of 0 meters. Because the CUS model includes 1 km of
Paleozoic layers, there is as light frequency dependent site amplification. The model uses
recently determined, CUS specific, crustal wave propagation from the source to the site.

Table D.2 Magnitude and Distance for Design Earthquakes
a. St. Francis River Site

Probably Magnitude Distance, R
Exceedance Mw (km)
10 % in 50 years 6.2 40
10 % in 50 years 7.2 100
2 % in 50 years 6.4 10
2 % in 50 years 8.0 40
b. Wahite Ditch Site
Probably Magnitude Distance, R
Exceedance Mw (km)
10 % in 50 years 6.4 40
10 % in 50 years 7.0 65
2 % in 50 years 7.8 16
2 % in 50 years 8.0 20

For a given moment magnitude and distance, I first choose a random number seed and then
perform 100 time domain simulations, saving the mean response spectra.

Next I perform one time domain simulation for each of five random number seeds. I examine the
resultant time series by computing the corresponding response spectra to the mean of 100
simulations. If the comparison is good, then this time series is saved. The results for all the
simulations are contained in the following table. The plot presents the time series acceleration,
velocity and displacement time histories, the realized and target pseudo-acceleration, the Fourier
acceleration spectra form the trace and an indicator of the magnitude, distance and random
number seed. By clicking on the table the individua! time series is presented.
Table D.3 St. Francis River Site 10 % Probability of
Exceedance in 50 Years -

M. | DIST | SEED Graph Name
6.2 40 1234 Fig. D.2a SF100101
6.2 40 2345 Fig. D.2b SF100102
6.2 40 123 Fig. D.2¢c SF100103
6.2 40 345 Fig. D.2d SF100104
6.2 40 78 Fig. D.2e SF100105
7.2 100 1234 - _Fig.D.3a . | SF100201
7.2 100 2345 - Fig. D.3b SF100202
7.2 100 123. Fig. D.3c SF100203
7.2 160 345 Fig. D.3d SF100204
7.2 100 78 Fig. D.3e SF100205
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Table D.4 St. Francis River Site 2 % Probability of

Exceedance in 50 Years

M DIST | SEED Graph Name

6.4 10 1234 Fig. D.4a SF020101
6.4 i0 2345 Fig. D.4b SF020102
6.4 10 123 ~ Fig. D.4¢c SF020103
6.4 10 345 Fig. D.4d SF020104
6.4 10 78 Fig. D.4e SF020105
8.0 40 1234 Fig. D.5a SF020201
8.0 40 2345 Fig. D.5b SF020202
8.0 40 123 Fig. D.5c SF020203
8.0 40 345 Fig. D.5d SF020204
8.0 40 78 Fig. D.5¢ - SF020205

Table D.5 Wahite Ditch Site 10% Probability of Exceedance in

50 Years

M DIST | SEED Graph Name

6.4 40 1234 Fig. D.6a WD100101
6.4 40 2345 Fig. D.6b wWD100102
6.4 40 123 Fig. D.6¢c WD100103
6.4 40 345 Fig. D.6d WD100104
6.4 40 78 Fig. D.6e WD00105
7.0 65 1234 Fig. D.7a WD100201
7.0 65 2345 Fig. D.7b WD100202
7.0 65 123 Fig. D.7¢ WD100203
7.0 65 345 Fig. D.7d WD100204
7.0 65 78 Fig. D.7¢ WD100205

Table D.6 Wahite Ditch Site 2% Probability of Exceedance in

50 Years

M [ DIST| SEED | Graph Name
7.8 16 1234 Fig. D.8a WD020101
7.8 16 2345 Fig. D.8b - WD020102
7.8 16 123 Fig. D.8¢ wD020103
7.8 16 345 Fig. D.8d wWD020104
7.8 16 78 . Fig.D.8e | WD020105
3.0 20 1234 Fig. D.9a WD020201
80 | 20 [ 2345 | Fig. D.9b - WD020202
8.0 20 | - 123- |- Fig.D.9¢ WD020203
8.0 20 345 | ° Fig.D.9d wWD020204 |
8.0 20 78 Fig. D.9¢ WD020205
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Time series file format. An example of the first few lines of one time series file is

Acceleration acc.in

16384 0.0050

-0.89331E-08 -0.53218E-08 -0.78847E-08 -0.95266E-09 -0.45549E-08
0.18960E-08 0.13551E-10 0.41705E-08 0.30585E-08 0.75637E-08
0.43945E-08 0.89134E-08 0.61092E-08 0.10998E-07 0.10490E-07
0.14416E-07 0.12970E-07 0.16878E-07 0.16777E-07 0.20852E-07
0.19644E-07 0.23510E-07 0.20594E-07 0.24264E-07 0.22504E-07

The first line is a comment line, which is the same for all simulations. The second line gives the
number of data points (16384) and the sample interval (0.005 sec). The acceleration time series
(units of g) follow on the succeeding lines. The reason for the long time series is that large
earthquakes have long duration because of the total time of faulting.

D.4 Discussion

I have not presented vertical component time histories. I believe 1 know how to do this for the
deep soil soils for which the surface vertical component motion in the shear-wave window is
actually caused by the shear-wave in the hard rock converted into a P wave at the rock sediment
interface. For motion on hard rock, though, the vertical motion is only slightly less than the
horizontal. So use the horizontal motion for the vertical. The major site modifier is the deep soil
condition.

The simulations have not addressed any issues of coherency of ground motion, since the bridges
are not very long in comparison to a seismic wavelength for the propagating wave (4000
meters/sec x period).

Prof. Robert Herrmann
Professor of St. Louis University
St. Louis (MO)
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E. DATABASE FOR EARTHQUAKE ANALYSIS

5 {sv Efiective vertical stress (midle layer) Njw] 2 hdd 9 {kPa {17

6 |less than 0,075 |percent that pasees 0.075 mm N| 5 2 ] 100,00 % 20.00

7 [Pl Plasticity Index NI 3 0 0 200 50 |Tabie 4.9 (Miichell)
8 Jath Acceieration time histaries A Elcentro | NISEE
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F. BRIDGE ABUTMENT AND PIER SUPPORTED ON A PILE GROUP

Novak’s (1974) model has been used for the computation of stiffness and damping of single pile
and a pile group, with appropriate interaction factors. Stiffness and damping in all the modes i.e.
vertical, horizontal, rocking and torsion and cross coupling in both the x and y direction have
been evaluated for the bridge abutments and the piers. (See Figure F.1 for sign convention).

The main assumptions in Novak’s model are;

1.

2.
3. The pile is perfectly connected to the soil (i.e., there is no separation between soil and pile

The pile is a circular and solid in cross section. For other than circular section, an equivalent
radius r, is determined in each mode of variation.
The pile material is linear elastic

during vibration).

F.1 Stiffness and Damping Factors of Single Pile

F.1.1 Vertical Stiffness (k) and Damping Factors (c;)

E A
k, = [L]fm , ' (F.1a)
o
E A
¢, =[ £ ]fwz (F.1b)
VS
Where;
E, =modulus of elasticity of pile material
A =cross section of single pile
ro  =radius ofasolid pile or equivalent pile radius
Vs =shear wave velocity of soil along of the floating pile

fw1 and £, are obtained from Figure F.2

F.1.2 Torsional Stiffness (k,) and Damping Factors (cy)

(G, 1, ] - :
k, =| =21, (F.2a)
L n ] o
(G,1, ] .
¢, = % fr s , , (F.2b)
| s ‘ : .

‘Where;. o R o
' Gp  =shear modulus of elasticity of pile material
Ip, =Polar moment of inertia of single pile about z axis
fr, andfr, are obtained from Figure F.3
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%k,
¢, Q(t)

Footing (pile cap)
A

Y, Y, ky, kg
€y Cpa» PY(t)

X Xk, Ky
Cy, Cxpy Px(f)

a) Translational and coupled constants

Voky, ¢y, T®)
Footing (lil:cap) ¢, ko € M, (D)

b) Rotational constants

Figure F.1 Sign Convention
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Figure F.2 Stiffness and Damping Parameters for Vertical Response of Floating Piles (Novak
and El-Shomouby, 1983)
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Figure. F.3 Torsional Stiffness and Damping Parameters for Reinforced Concrete (Novak and
Howell, 1977)

‘F.1.3 Sliding and Rocking Stiffness and Damping Factors
Because, the pile is assumed to be cylindrical with a radius r,, its stiffness and damping
factors in any horizontal direction are the same. However, in the pile group, the number of

piles in the x and y directions may be different. Therefore the stiffness and damping factors
of a pile group are dependent on the number of piles and their spacing in each direction.
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Sliding (k,, c,)

) E I '
k, =[ ;’_3 4 ]f,,1 (F.3a)
o
E 7
c, - [ ol ]f;, (F.30)
[~
Rocking (ky, ¢4 ) and (ko, c;)
E I
k’ '=k‘9 =‘: ;2p]fﬂ (F4a)
EI
=, =[ 2, ];;z (F.4b)
eTs
Cross-coupling (Ky¢, €x¢ ) and (Kyo, ¢yq)
| E,I
K =Ky = [—ﬁ'zi]f B ' (F.5a)
E I
Cap =Cpp = l: rpVF :,fxﬂ (F.5b)
o5

Where; _
I, = moment of inertia of single pile about x or y axis
I, = pile radius

fa, £z, f41, B2, fupn, fipz  Novak’s coefficient and have obtained from Table F.1 for parabolic soil
profile, with appropriate interpolation and for v = 0.25

F.2 Group Interaction Factor
To consider group effect; {Paulos, 1968) assume a pile in the group as reference pile. In the

illustration Figure F.4, pile No. 1 is assumed as a reference pile and distance ‘S’ is measured
from the center of other pile to center of the reference pile.

For vertical direction use Figure F.5 to obtain a, for each pile for appropriate S/2r, values oA’S
are function of length of the pile (L) and radius (r,). '

Use Figure F.6 (Paulos, 1971), to obtain oy for each pile in the horizontal x-direction,

considering departure angle B (degree). o ’s are a function of L, 1, and flexibility Kg as defined
in Figure F.6 and departure angle (B). This procedure will also apply for horizontal direction.
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Figure F.5 aa asa Function of Pile Length and Spacing (Poulos, 1968)
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Table F.1 Stiffness and Damping Parameters of Horizontal Response For

Pile With L/R,>25 For Homogeneous Soil Profile and L/R,>30
For Parabolic Soil Profile

E Stiffness Parameters acping Parameters
b
v G.en ot fei k. , e In fe: Lo [
(1) 2 (3 - {4} {57 (6} - {7} 18} (2 (10)
{a) Homogencous Soil Profite
02 won T 02134 -0.0217 1).0042 0.0021 91377 ~0.6333 0.0107 1.0053
2.5 2998 —~0.0420 2.0119 n.0061 02182 =100t LATP. P 0.0154
1,000 0.3741 ~0.U668 00236 W23 o 12598 —HRs 0.0579  0.0306
500 HETH -0.0929 04395 W20 u.24s3 ~41.1237 $0983 00514
250 0.5186 -0.128} .4639 no3ss @ 03299 -G 1786 0.1556 0.0864
.40 10,000 02207 -0.0232 0T 0o024 D634 - ERER 0.0119 0.0060
2,50 0 i0y7 ~8.{459 LN U s UAXIGR Son2224 —.06y2 00329 nm
LU0 . 3ES0 -0.40714 P.0261 O  0.2677 -0.1052 0641 0.0339
200 0.4547 -0 0991 0.0436 0.02M 0.3033 -0 1425 01054 0.0570
250 0.5336 -01.1365% L0726 KU 0.3377 =1 1R N7 0.0957
s (b) Parubotic Soil Profite +
028 10,000 {11800 —{.0144 n.oaly 0.0008 4.3450 ~0.0252 0.0060 0.0028
.50 1.2452 -0.0267 Q.0047 0.0026 0.2025 =~0.0484 0.0159 0.0076
1.000 0,3000 ~=0.0400 0.00%6 0.0037 0.2499 ~-0.0737 0.0303 0.0147
00 ¢ D489 —0.0543 0.0136 0.0059 0.2910 =008 0.049] 2.0241
250 . 0.4049 =0.0734 }.0215 0.0094 0.3361 -0.1370 0.0793 0.0398
6.4 10.000 :  0.1857 -0.0153 0.0020 0.0009 0.1508 -0.mn 0.0067 0.0031
2.500 0.2529 - 00,0284 0.0051 0.0022 0.2101 -0.0519 o077 0.0084
1006 - 0.3094° ~{.0426 0.0094 0.0041 0.1589 -0.0790 0.0335 0.0163
500 0.15% -0.0577 0.0149 0.0065 13009 -0.1079 0.0544 0.0269
250 0.4170 =0.7780 0.0236 0.0103 0.3468 -0.1961 0.0880 0.0443

Saurce: Novak and El-Sharmouby {19%3). f2, and % are parameters or pinocd end.

The group inferaction factor (Za) is the summation o for all the piles. Note that the group
interaction factor in horizontal x-direction and y-direction may be different depending on number
and spacing of piles in each direction.

F.3 Group Stiffness and Damping Factors

Figure F.4 shows schematically the plan and cross sections of an arbitrary pile group foundation.
This figure will be used to explain and obtain the stiffness and damping factors group of pile for
all direction. They are presented as follows: ‘ '

F.3.1 Vertical group stiffness (k.*) and damping factors (c.%)

ko = 2k F6.2)
a4
¢! = &‘l (F.6.b)
@,
. F.3.2 Torsional group stiﬁ'ness (k,%and ti_hmpiilg factors (c,®
kf = Zl [kv + er(xr2 + yrz)] - ' (F.7a)
a, _
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Za‘[‘—' +C(X.+yr)] | . (E.Tb)

F.3.3 Sliding and Rocking and Cross Coupled Group Stiffness and Damping Factors

Sliding and Rocking and Cross Coupled Group Stiffness and Damping Factors)

: k,
ke = 2K
Zal.x (F.8a)
ci = &'_ (F.8b)

D ay,
Translation Along Y Axis (k,*® ¢,%)
Sk, -
k2 (F.92)

2
ZCV '

= e, (F.9b)
Rocking About Y Axis (k. c%)
Z% [k, + kX2 + k, 22 -22.4,] | | (F.10a)
Z e, +ex vz -22.0,,) (F.10b)
o
Rocking About X Axis (ko*, ¢o®)
ki = Ik, +k,y? + k22 =22,k | (F.11a)
2ay _
cf = [C, +C,yl+c,2k =22 cw] | (F.11b)

B Zaty

Cross-Coupling Translation in X Axis and Rotation About Y Axis. (kyo®, €x4%)
k’-—l—z(k' ~k,2,) o : - (F.12a)
x¢ — ! A ) x*c. 7 ’ - N

< =;;—Z(c,,-c;z,') o (F.12b)
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Cross-Coupling Translation in Y-Axis and Rotation About X Axis. (kyo®, cy0®)

1

kS, = ;—Z(ky,, -k,z,.) (F.13a)
iy
1

¢, = Z——Z(Cw -c,z.) (F.13b)
Y .

F.4 Strain-Displacement Relationships

The shear strain and displacement relationship is not well defined in practical problems
occurring in the field. However, the relationship has been recommended by Prakash and Puri
(1981) as:

Y= amplitude of foundation vibration/average width of foundation (F.14)

Because evaluation of shear strain in the field is, in many cases, not clear, reasonable expressions
must be assumed and used as the basis for evaluating the shear strain in each particular case.

Kagawa and Kraft (1980) used a following relationship for horizontal displacement

v
A= 2.5D €.13)

Where, v = Poisson’s ratio
X = horizontal displacement in x-direction
D = diameter of pile

Rafnsson (1992) stated that,' the shear strain due to rocking can be reasonably determined as;

n=% (.16)

Where, 7
¢ = rotation of foundation about y axis

The shear strain- displacefﬁent relationship for couple sliding and rocking can be determined as:

M_.,.ﬂ- (F.17)

=550 '3

Note that, equations F.15, F.16 and F.17 have been adopted for other directions respectively.
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_F.5 Solution Technique for Displacement Dependent k”s and ¢’s

~ START
\

OBTAIN
Unit weight, shear wave velocity, poison ratio, initial shear modulus
Shear modulus degradation curve as function of soil

OBTAIN ¢
Pile length, pile diameter, Elastic modulus of pile, shear wave velocity

DETERMINE +

Half space stiffness and damping parameters as function of soil parameters and pile
dimensions

v

DETERMINE
Strain-Displacement Relationship
DETERMINE ‘
Stiffness and damping factor for single pile
CALCULATE
Group efficiency factor
CALCULATE

Group piles stiffness and damping factors

v

< STOP

The stiffness and damping factors are plotted against displacement for bridge abutment and pier
of old St Francis, new St. Francis, new Wahite and old Wahite bridges. They are presented in
Figure F.7a through F.25¢. '

F.6 Equations of Motion
Under dynamic loading, the equilibrium of forces is derived based on the second Newton’s law.

" This equilibrium in two-dimensional analysis will give three-equations of motion in the vertical
and two horizontal directions. '
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Vertical equation of motion
mZ+ct Z+k5Z=Q(t) (F.18)

Torsional equation of motion

m.y +c, 2 y+k Ew=T() ' (F.19)
Two-Dilhensional Sliding and Rocking Equation of Motion

In the horizontal x direction

g _pe 9 _ k9 |

m 0 1fx] [cf c|[X), | k2 I P.(t) (.20)

0 Mmjlg] |-c& <f [lo] |-4& &7 [l¢] M, (@)
In the horizontal y direction '

g  _pg { ke _gv

m 0¥l [ef -chlrl [ & -&s|["\_[R) F21)
0 Mmjle) |-c§ i |lo] |-k5 k7 [lo] \m,()
m  =mass of bridge abutment
Mm = mass inertia of bridge abutment about the axis of rotation
Q(t) =total vertical force
Px(t) =total horizontal force x-direction -
T(t) =total torsional force
Py(t) = total horizontal force y-direction

M,y(t) = moment about y-axis
Ms(t) = moment about x-axis

where:

Three-Dimensional Equation of Motion

[m] {X}+Cl{X}+[K]{X}={P(O)} (F.22)

where, matrix mass [m] is
(m 0 0 0. 0 o)
T o m 0 O 0 0
0O 0 m O 0 0
mi=1 0 0 Mn o of (F.228)
0 0 0 0 m 0
(0 0 0 0 0 Mm

Matrix damping [C] is
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fes 0 o

0 ¢ O
,{C}=<0 0 cf
0 0 -cf

0 o 0

|0 0 0
Matrix stiffness [K] is
ks

0

0

=1,

o

0

Vector load {P(t)} is;

0)
(t)
iG]
0
A(8)
M,(2)

F,

.0
g
-cs,

ooo-oﬂ;o

0

L S o B - Y e

g
Cﬂ

0 c?

) 4

0 -c5

k9

x
— k9
kﬂ’
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0.
0

- kg

0
0
0

0

- Cg,
74

o

kJ
0
0

Vector displacement {X} is

-

:q:‘t‘e € N

P

0
0
0
0

k]
- k,,‘,’,

0
0
0
0
..kai

g
k3

F.22b)

(F.22c)

(F.22d)



LA A |

Old St. Francis River Bridge

(kN/rad)

G

k"‘
-
b
-
o
®

0

——2
—— 1

i1 ] Abutment
© . i| group pile

—O1/2 .
~—O—1/4| !

1E

4

0.1

Nondimensiona! displacement (5 /D)

1.5x10°

— 8
B 1.0x10
2

X

(<]

Vs 5.0x10°

0.0

1E-4

F.7a Cross-Coupling Translation in X and Y-AXIS vs. N ondxmensnoual Dlsplacement for the

Ty

001

0.1

...1

Nondimensional displacement (S/D)

Abutment Group Pile, Old St. Francis River Bridge

AlG4



1.6X10‘ . "*'rj' Y !f-'f'" P p————y - S i 3 | — .4
g Old St. Francis River Bridge 1

R, RS B +i[ Abutment
8.0x10° T—— S grouppile

¢, (kN-sec/m)

4.0x10°

(kN-sec/m)

a
y

C

0.0 d— it — s
1E4 1E-3 0.01 0.1

Nondimensional displacement (§ /D) '

4.0x10°

2.0x10°

¢, (kN-sec/m)

00— i
1E-4 ~ 1E3 0.01 0.1 1 10
Nondimensional displacement (5,/D)

F.7b Damping Due to Vertical and Shdmg Along the X and Y Axis vs. Rotatlon for the
Abutment Group Plle, Old St. Francls Rlver Bridge . . -

Al05



- Old St. Francis River Bridge
E : i i 1| Abutment
& 1x10°4+— ' | group pite
< : :
=
a S :
Q I .
O ———ren T ——
t1E-4 . 1E-3 0.01 0.1 1 10
Rotation (8)
4.0x10°

(kN-sec-m/rad)
g
4
<

a
[

c

o
o

001 04

m
i
&

Rotation ()
4.0x10°

=)
e
£
Q

. @
@
-
X

OQ’

001 N

T ™
Rotation (y)

F.7¢ Damping Due to Torsion and R_bcking About the X and Y Axis vs. Rotation for the
Abutment Group Pile, Old St. Francis River Bridge

Al06



0.0

| Old St. Francis River Bridge

6 {
g

23.0x10°

@

2

=
L&)

o :

6.0X1 0% F ity tmepmrr et e
1E-4  1E-3 0.01 0.1 1
Nondimensional displacement (8/0)
0 19 i L] L

__ 1x10°

'c .

£

S -

QO

Y

pd

2 2x10°

[+ ]

of

ﬁ ............... -
3x10°

" 1E4  1E8 001 04 . 1
Nondimensional displacement (§ /D)

‘F.7d Cross-Coupled Dambing About the X and Y Axis vs. Nondimensional Displacement
for the Abutment Group Pile, Old St. Francis River Bridge

Al07



e T

—

Old St. Francis River Bridge

: Pier
3 : -} group pile
£ sonct
=
x!
0.0 e y——— Y ety ' Ty v -
1E4 1E-3 0.0 ot 1
Nondimensional displacement (3,/D)
1.0x10"
g 5.0x10"
=
x&
iy T v T e A 2 r—r—t—rrirT v 10
M1E4 1E-3 0.0 0.1 1
Nondimensional displacement (3 |/D)
1.0x10"
£
5.0x10"
z
2™
0.0 e —r—t—rrrT T
1E-4 1E-3 0.01 0.1

Nondimensional displacement (S‘ID),;

F.7e Group Stiffness in Vertical and X and Y Translation vs. Nondimensional
Displacement_ for the Pier Group Pile, Old St. Francis River Bridge

Alo8



w
2x10’ r——rrrr ey

OId St. Francis River Bridge

D S
| o=l ¢ ] Pier
i DR 1 group pile

110’

i (kN-m/rad)

1E4 s Y o1 1
Rotation (8)

1.5x10"

1.0x10"

¢

k (kN-mvrad)

5.0x10°

0.0 T g T e AR v ———rr s
1E-4 1E3 0.01 0.1 t 10
Rotation (3)

4.00E+007 T e

2.00E+007

K (KN-m/rad)

0.00E 4000 ey e
1E-4 1E3 0.01 0. 1 10
F!o!ation(v) )

F.7f Group Stlffness Due to Torsion and Rockmg About the X and Y Axis vs. Rotatlon for
the Pier Group Pile, Oid St. Francis River Bridge

A109



-4.0x10* YTy TT
Old St. Francis River Bridge . ::.| group pile
g \o\\}; :
3 -2.0x10" . '
@ ' R
Z 0TS B
= |—<— a
o |~ 2
: |—— 1
|—o— 12}
—O— t4 |- . ;
1E-4 1E-3 0.01 0.1 A 10
Nondimensional displacement (5 /D)
4,010
=)
g -20x10°
2
=
x!.
0.0

1E4 4 1Ea ' 0.0t 0.1 1 10
Nondimensiona! displacement (SYID)

F.7¢ C!'oss—Coupling Translation in X and Y-Axis vs. Nondimenrsional Displacement for the
Pier Group Pile, Old St. Francis River Bridge

All0



1.5¢10°

RS :
1 .| Old St. Francis River Bridge

-r'l T P YT e ————

Pier
group pile

2
Q,

I"—"u"'_—-_a st i '-‘-""-g

{kN-sec/m)

§
q.

G

C

0.0 SIS S HIE RS ety et
1E-4 1E-3 001 0.1 1 10
' Nondimensional displacement (5 /D)

1.5x10°

€4 €3 0.01 0.1 A 10
Nondimensional displacement (3 /D)

1.0x10°

(kN-sec/m)
oo
2
q.

a
x
A

G

0.0 e
1E-4 1E3 0.01 X 1
' Nondimensional disptacement {8,/D)

F.7h Damping Due to Vertical and Sliding Along the X and Y Axis vs. Rotation for the Pier
Group Pile, Old St. Francis River Bridge

Alll



8.0x10* v

rrop T —r——rrrry e
Old St. Francis River Bndge Fier L
T aomo’ group pile :
E o o o O~ i)
4 _
g  20x0'y - :
0.0 e - -
1E-4 1E-3 0.01 01 1 10
Rotation {8)
ax10* T T T LA AL v L3 g YT
g o {——o——o—o o
g
£ o
¢ e y—r——r r——rrr p—r———rrrT e -
1E-4 1E3 0.0 0.4 1 10
Rotation (¢)
1.0x10* —vTrreY T .
3 ;
§ 5.0x10° -
GO.
0.0 ———rr ——rrrrt e - -
1E4 19 0.0 0.1 1 10

Rotation {w}

F.7i Damping Due to Torsnon and Rocking About the X and Y Axis vs. Rotatlon for the

Pier Group Pile, Old St. Francis River Brldge

SA112



Ty rrey

-1.5x10°

T

st

Old St. Francis River Bridge

group pile

Pier

-1.0x10°
8
5
<
=~ .50x10°
oF
0.0 H Tt Y e
1E-4 1E-3 0.01 0.1 1 10
Nondimensional displacement (5,/D)
-1.5x10° Yy YT
= +1.0x10°
s :
:
- !
© sox0?
0.0 - T
1E-4 1E3 0.01

Nondimensicnal displacement (& JD)

- F.7j Cross—Cou'pled Damping Abbut the X and Y Axis vs. Nondimensional Displaéément
for the Pier Group Pile, Old St. Francis River Bridge

All3



P e | R
L o B —————
S _ {-| New St. Francis River Bridge -
=2 6.0x10°+—1— .
o I R
X" ) Cf Abutment {0
300 T growppile [ .
0.0 e sres s SAAE] MMM 12 NI St 1 S S 11
1E-4 1E-3 0.01 0.1 1 10
Nondimensional displacement (5 /D)
1.2x107
9.0x10°- 7
§ 6.0x10°
=< J
% 3.0x10°
0.0 v ._. [NRSEEESE| NS NEESERETH SNNEIILE £ 15 SENLEESINES
1E-4 1E-3 0.01 0.1 1 10

Nondimensional displacement (5/D)

T

1E4  1E3 001 01
Nondimensional displacement (5 /D)

F7.k Group Stiffness in Vertical and X and Y Translation vs, Nondimensional
- Displacement for the Abutment Group Pile, New St. Francis River Bridge .

All4



T

1 New St. Francis River Bridge HRESEH

: . i | Abutment | 1
i . :.] group pile

(kN-m/rad)

<]

kl
w
o
>

—
Q,

.1E-4 — 1E3 e e et
. Rotation (8)

7
8.0x10' T T T T T

6.0x10’

4.0x10"

(kN-m/rad)
w]

a
k’

2.0x10"

00} i
1E-4

”6:01 ; 01 —— ....1 — ..1.0
Rotation {¢)

1.2x10°

9.0x10

6.0x10’

k_®(kN-m/rad)

> 3.0x10

ool o1 110
Rotation (y)

ool il
1E-4 1E-3

r—r—t

F.7l Group Stiffness Due to Torsion and Rocking About the X and Y Axis vs. Rotation for
the Abutment Group Pile, New St. Francis River Bridge .

_AllS



-1.0x107 e e——r—rrerrr—— ——rrr
New St. Francis River Bridge . :] Abutment
. ¢ 1] group pile

-8.0x10° sy

-6.0x10°

(kN/rad)

G
Sap

X -4.0x10°

k

-2.0x10°

(1 X+ J8 EEEEEET, BN YIRS ! MRS WAL NS S
1E-4 1E-3 0.01 0.1 1 10
Nondimensional displacement (5 /D)

(kN/rad)

G

1 [ 3 [T i 1 I . tet Tra s o Tt
T YTY =—TrrTrTY Ty Yy ey

1E4 1E-3 0.01 0.1 1 10
Nondimensional displacement (5 /D)

F.7m Cross-Coupling Translation in X and Y-Axis vs. Nondimensional Displacement for
the Abutment Group lee, New St. Francls Rlver Bridge =

All6



a .
5x10 SRS | o YT T T YTy YT
T Abutment §
...} group pile K|

4x10°44 New St. Francis River Bridge

¢ (kN-sec/m)

x
e
»
—
<L

5| PSRPISETT S TS U RPN NS S S
+ 1

14  1E3 001 0. _
Nondimensional displacement {5 /D)

2.0x10°

1.5x10°

1.0x10°

(kN-sec/m)

L]

e 5.0x10°

c

ood— i il b il FE
1E-4 1E-3 0.01 0.1 1
Nondimgns[onal dispiacement (8/D)

6.0x10*

T 4.0x10° §

S :

g

£ 2.0x10°

@, :

©
0.0 SRR 3 S S S M SEES S I S A

1E-4 1E3 0.01 01 1 S 10
Nondimensional displacement (3 /D)

F.7n Damping Due to Vertical and Sliding Along the X and Y Axis vs, Rotation for the
Abutment Group Pile, New St. Francis River Bridge

All7



2.5x10% ———rrrrrmr—re———r—
| New St. Francis River Bridge

! 1 group pile

e ””1"E-3 ' 001 . 01 ' 1 . 10
Rotation (8) :

F -
o
>
—
<

(kN-sec-m/rad)
N
2
oh

G

+

c

o
o

1E—4 eS8 001 01 I 10
: Rotation (¢)

2.5x10°
2.0x10°

1.0x10°

S S T
0.0 ittt e
1E-4 1E-3 0.01 0.1 1 10
Rotation (y)
F.70 Damping Due to Torsion and Rocking About the X and Y Axis vs. Rotation for the
Abutment Group Pile, New St. Francis River Bridge

8(kN-sec-m/rad)
o
x
%

AllB



-5%10° ===, T T T

New St. Francis River Bridge

- [ Abutment | 1
.. group pite |

-4x10°

o

-3x10°

-2x10°

(kN-sec/rad)

G

Ce

X0 T —o— 12
B o |—o— /4

(o} MSENESEE T SIS S mum am arnaxes SEAR S SLEL EENLEELELSSL Cpy
1E-4 1E-3 0.01 0.1 1 10
Nondimensional displacement (3 /D)

-2.5X10° T T

-2.0x10°

-1.5x10°

o

-1.0x10°

c,’ (kN-sec/rad)

-5.0x10°

0.0 it L
1E-4 1E-3 0.01 0.1 o1 10
Nondimensional displacement (5/D)

T

F.7p Cross-Coupléd Damping About the X and Y Axis vs. Nondimensional Displacement
for the Abutment Group Pile, New St. Francis River Bridge

“Al19



10

1
.

+
i
-~

~if New St. Francis River Bridge

E-3

e —,——

1.5x10"

- m———

g

3.0x10°

0

1

o
Nondimensional displacement (5 /D)

0.01

1

1E-4

LI e aa o o )

10

0.01

Nondimensional disptacement (8/D)

E-3

1

E-4

1

™
i

T
h
. H
R

ot aond
R

0.01

mensional displacement (6/0) '

E3

1

Nond

F.7q Group Stiffness in Vert

—
.o
-]
K=
n D
) b
mm
|
g 2
e 3
“ 5
o
g
= ¥ ]
E =
=
w
: K
ms
=5
> Z
d [ 2]
B
CE™
)
g g
—
.
Lo
Ay .
[-*]
=
| ™
&
bt
=
7]
E
[T
¥
=
="
R
o]

Al120



Rotation (0)

group pile

[ —

4110’

axto’

xi107
1E-4

10’

(pesu-no)™

! : t i !
i i : ! i
O .. P
i i ' 1 i
H ' H i !
i i H !
W i
! :
i |
i ! _‘

H .
H 1
§ H
4 W
! H
: i
: 1]
i §
. 5
+ N i i
i H P :
i ' i i
§ i ! i
- .u ..". PRy g .,...“....., L
1 : i
4 H i
I H i
o ! :
i b ]
i
| “ |
i i i
! n i w
1 i 1
-.L RPN - L. R S
i H 3
| ' H
! : :
i i i
i ' H
' ;
H
: 1
1 !
i 1
\
; !
H
L DY N S AN N .
} ]
: H
: i
i
i
h
t i
4 I
i H
i | .
H I
{ |
! [
i 1 :
| | i |
;
i i :
i i :
i : :
1 M .
[ i !
’ Ld L

1.0x10

8.0x10°

s.0x10*

4.0x10°

{Pei-ppI)Y

2.0x10°

10

Q1

.01

- 1E-3

1E-4

Rotation (¢)

v
i

3

: +
-
FR

N
]

PR

Y S—

8.0x1
4.0x10"

(pea o)™

2.0x10"

Rotation (v)

king About the X and Y Axis vs. ‘Rbtati.on'i_'or

iffness Due to 'I‘_.orsion'and Roc

F‘Tr Group St

dge

Group Pile, New St. Francis River Bri

the Pier

Al21



<1.0x10” T ——r—rrrrrr—
New St. Francis River Bndge IS Plor
8.0x10° T group pile §
s -8.0x10
§
2 -40x10°
=
N
-2.0x10"
0.0 ettt i
1E-4 0.01 ) 10

Nondimensional displacement (5 /D)

_ -8.ox10*

1
i
-n
P
L]
.
LH

10

Nondimensional displacement (5 /D)

F.7s Cross-Coupling Translatlon in X and Y-Axis vs. Nondlmensxonal Dlsplacement for the
_ Pier Group lee, N ew St. Francns River Brldge =

Al22



r——p—r—yry Y —r-rrry —r
L A IS A 8 T T
= Ve : - *

T

Pier

New St. Fraucis River Bridge

group pile

2x10°
a . 1
9 e :
04—
1E4

et ——— Baai
Nondimensional displacement (8,/D)

1E-4

+

e s e e gep

' REE

1E4

v

01
Nondumensional dfsplacament (6 jD)

Group Pile, New St. Francis River Bridge

Al23

F 7t Dampmg Due to Vertical and Shdmg Along the X and Y Axis vs. Rotatmn for the Pier



4.0x10"

— ‘r. B P Sy uuu e NS DU I - :
h+) . : !
E :
§ ..l New St Francis River Bridge T~
- S ISOURUO, | | Pier ; 1
e : group pile
0.0 — ; d d
1E4 1E3 0.0 o1 1 10
Rotation (6)
8.0x10" r—r—rrrrr r—r—r—rrvry y y -
8.0x10*

(kN-sac-mirad)
2
Q

. 20x10*
0.0 MESELTEE SIS SR SNEEE I S SNSNEENRS 5 SN B A1 SNSRI L
1E4 1E3 0.01 0.1 1 10

Rotatien (¢)

4.0x10*
E=)
g 2.0m10*
z
L] L B
ub
0.0
1E-4

Roiation )

F.7u Dampmg Due to Torsion and Rockmg About the X and Y Axis vs. Rotatlon for the
" Pier Group Pile, New St. Francis River Bridge '

Al24



-5!10’ ¥ A I!':r.ui_rl L L MREARLE | r AR | LIBREE | vI:vun
+  -i.;| New St. Francis River Bridge | Pier
410 P i 1 group pile §
5 -3x10°
&
8
2 a0 :
4 {1——
|- 1 |}
'1x1°3 f O 1,2 :
‘ ~O0— 1/4 |
0 v IR R R Yt ——rrrrr ——rrrr
1E4 1E-3 0.01 0.3 1 10
Nondimensional displacement (3 /D)
-5x10” =T T
<)
§
Z
<
o

Nondlmensional displacement (GJD)

F.7v Cross-Coupled Damping About the X and Y Axis vs. Nondlmensmnal D:splacement
for the Pler Group Plle, New St. Francns River Brldge S

Al125



(kN/m)

kG

(kN/m)

kG

k.® (kN/m)

6.0x10° T——

Old Wahite Ditch Bridge |

Abutment
] group pile |

4.0x10°

Y

2.0x10°

0.0

1E4  1E3

001

04

Nondimensional displacement (5/0)

10

4x10°

ax10°

2x10°

1x10°

oa — 1E-3 —

" 0.0

0.4

Nondimensional displacement (3/0)

.1 : 10

4x10°

2x10°

1x10°

Ix10 — H : :
] Coi i :I .
i :g é
s ~ E
" r .1

1E-3

0.1

01

Nondimensional displacement (B;ID)

F.7w Group Stiffness in Vertical and X and Y Translation vs. Nondimensional
Displacement for the Abutment Group Pile, Old Wahite Ditch Bridge

Al26



8.0x10’ ——
| | Old Wahite Ditch Bridge Pl t
- E 6.0x10’-—# i : group pile
E ;] H S e
g 4.0x10
g, ' 1
*  2.0x10 :
0.0 M SISt B L] SN S S
1E-4 1E-3 0.01 0.1 1 10
Rotation (6) .
3x10° -
2x10° ?
=) i
o 1 .
E 1x10° :
=
O -
0 ; MRS SR
1E-4 0.01 0.1
Rotation ()
4x10” 4
=) 3x10’
tl_l‘l .
E
= 2x10’
% 4
(-]
> 1x10' 44—
od— IEERSTH INNIEE ST NI A S SESLE AR E ST
1E-4 o.M 0.1 1 10

Rotation {y)

F.7x Group Stiffness Due to Torsion and Rocking About the X and Y Axis'vs. Rotation for
the Abutment Group Pile, Old Wahite-Ditch Bridge . _

Al27



-3x10°

| O1d Wahite Ditch Bridge |

; Abutment §
. .| group pite [ 1

-2x10°

(kN/rad)
N

o -IX10°+— —— 1
o —0— 12
k e B 1/4

k

0 i e e LR LALE] NN EHE
1E-4 1E-3 0.01 01 1 10
' Nondimensional displacement (5 I/D)

-2x10° T——rrrrem T T

(kN/rad)

-1x10°

G
kve

1E-4 1E-3 0.01 0.1 1 10
Nondimensional displacement (5/D)

F.7y Cross-Coupling Translation in X and Y-Axis vs. Nondlmensmnal Dlsplacement for the
Abutment Group Plle, Old Wahite Dltch Bndge : '

Al28



1.0x10° et

Old Wahite Ditch Bridge | -
‘E-. Lo H
E 5.0x10°
z
=
al
°. I
(vXs & EESMEENEET!] BN SR, SRS I ML SE 1L NI ETLE B
1E-4 1E-3 0.01 0.1 1 10
Nondimensional disptacemant (3/0) :
1,0x10°
E
§ 5.0x10°
2
=
u’-
Q
' [+ )Xo J NN ST NS SRR EEELH N IR AL SR ST
1E-4 1E-3 0.01 0.1 B
Nondimensiona! disptacemant _(8/D)
4.0x10°
€
3 1
2 2.0x10° 4+
= :
X
ull
0.0 i ittt
1E-4 tE3 0.0 0.1 1 . 10

Nondimensional displacement (§ /D)

F.7z Dampmg Due to Vertlcal and Sliding Along the Xand Y AXIS Vs, Rotatlon for the Pier
Group Pile, Old Wahite Ditch Bndge

Al29



5x10’-.- Old Wahite Ditch Bridge AEAH R IR SR NS RAL

4x10°
3x10°
2x10°

(kN-sec-m/rad)

1x10°

c

1E-4 1E-3 ' 001 ' ””0.1 T ' 10
Rotation ()

3 . '
2)( o HER IR R AL Yy Trrree
1 ? R AL RS
: i tie ' I A ' R
Popopraaid bobpeia 2o RS

1x10°

(kN-sec-m/rad)

a
[}

c

€4  1E3 0.1 0.1
Rotation (¢)

5.0x10*

¢ *(kN-sec-m/rad)

Y] AR IR R NN S N R 1
1E-4 1E-3 0.01 01 1
Flotation(w)

- F.7aa Damping Due to Torsion and Rockmg About the X and Y Axis vs. Rotation for the
Abutment Group Pile, Old Wahite Ditch Bridge

Al30



-1.0x10°

| Old Wahite Ditch Bridge 1T Abutment
, I L i1 1| group pile
£=)
g :
a.5.0x10° : _
¢ | —— 4 |
< ——p— 2
o g —L— 1 3
L , —C— 1/2 1 3
= L —o— 174 |
0.0 el
1E-4 1E-3 001 0.1 1 10
Nondimensional displacement (8/D)
-1.0x10°
:<)
©
EE.OX102
@
=
2
[
O’
0.0 J—mimrin

P P VI e — —
Nondimensional displacement (5 /D)

F.7ab Cross-Coupled Damping About the X and Y Axis vs. Nondimensional Displacement
for the Abutment Group Pile, Old Wahite Ditch Bridge

Al3l



-+| Old Wahite Ditch Bridge -

001 "o
* Nondimensional displacement (3 /O}

K, (kN/m)

Tt

k, (kN/m)

0.0 ——rerrry V——irr
1E-4 1E3 0.0 0.1
Nondimensional displacement (8/D)

F.7ac Group Stiffness in Vertical and X and Y Translation vs. Neondimensional
* Displacement for the Pier 1-Group Pile, Old Wahite Ditch Bridge

Al32



v rrrny ’ -'T'!'T

1.0x10" —r—rerrrry —r—r T ———trrrrry

i
1.

a.0x10° ; OldWahlteDltcthdge i

B
R |

Pier 1
group pile

k (kN-mrad)
o™
2
3

Rotation (#)

a.ox10* ——

s.0x10* e

H] ¢
E 4.0x10"
2 4 :

2.0x10"

1E-4

Ty T T 7T vy

80610 ——

[N Sp—

4.0x10"

Ty v

- " v—r ...‘ —r ""10
Rotation (v}

VT Y

F.7ad Group Stlffness Due to Torsion and Rocking About the X and Y Axis vs. Rotation
. for the Pier 1 Group Plle, Old Wahite Ditch Brldge :

All3



-ax10* S — e
' A DR DR R AL R IRE L :
'Old Wahite Ditch Bridge

Pier 1
. | group pile

k " {kN-sec/rad)

V2 |
1va | i

0 MBS NN R T W e
1E4 1E-3 0.01 0.1
Nondimensional displacement (3/D)

-ax10* AR MR Ak HER R Ak RS

T e —
Nondimensional displacement (5 JD)'

F.7ae Cross-Coupling Translation in X and Y-Axis vs. Nondimensional Displacement for
the Pier 1 Group Pile, Old Wahite Ditch Bridge

Al34



1.010* —r——rrryy

| A A |

Old Wahite Ditch Brldge

| Piert i
B 1 irn | group pile <

o prm (AR P A mas
Nondimensional displacement (5,/D)

1.0x10°

y

¢ (kN-sac/m)
[ ]
g
,

0.0 HERORIRESE} NS SRED! NI S A5H NSNS L] B
164 1E-3 0.01 0.1 1 10
Nondimensional displacement (5 fD)

* 5.0x10"

¢? (kN-sacIm)‘

00 i
1E-4 : 1E3 om . o1 1 10
Nondimensional displacement (5,/D)

F.7af Damping Due to Vertical and Shdmg Along the X and Y Axns vs. Rotatlon for the
Pler 1 Group Pile, Old Wah:te Ditch Bndge ' ‘

- Al35



2.0x10" —
‘ Old Wahite Ditch Bridge
s 1.5x10° =
8 o & a =
g 1.0x10*
g s oc Pier 1
o ’ | group pile
0.0 r—v—rrrt —r—verrrr T —t—r——rrer —r—r—rrr
1E-4 1E3 0.01 0.t 1 10
: Rotation (8)
1.0x10* r———rry Tr——— e Ty
g |
§ 5.0010° 2
2z
-
& 4
u.
7% SNSESUSNNEE L] S SR S| SN SRS SIES] MNN S R IS NI
1E4 1E3 o0 0.1 1 - 10
Rotation (3)
1.5x10"
8
% 1.0x10"
I?
< s.0x10
00.
0.0 ——r—ry T Pty ——r—rrrre yopprre
1E4 1E-3 on o1 1 10

Rotation ()

F.7ag Damping Due to Torsion and Rocking About the X and Y Axis vs. Rotatlon l'or the
- Pier 1 Group PIIE, Old Wahnte Dltch Brldge

Al36



-1.0x10° r—

Old Wahlte Ditch Brldge P Pier 1
. | group pile
g =g
3 -5.0x10"
@
4
=
ot
(Y BN NS SRS NN SRS NSNS S I £
1E4 1E-3 0.01 0.1 1 10
Nondimensional displacement (5 /D)
-1.0x10°
o
g
Fi -5.0x10
"" -
2
=
1E-4 1E-3 0.01 01 1 10

Nondimensional displacement (3 /D)

F.7ah Cross-Coupled Damplng About the X and Y Axis vs. Nondimensional Dlsplacement
“for the Pier 1 Group Pile, Old Wahlte Dltch Brldge '

Al137



LR AR | ooy
T H

HE A | \j LA R i o
H T

[P NI S S I
- TR

e [T

1

Old Wabite Ditch Bridge [+

Pier 2

"
.
I

(USRS [P |

group pile i

acaguaiefern-a

k_ (kN/m)

. o4
Nondimensional dispiacement (5]0)

K, (kN/m)

TR .

F.‘Iai'Gl:oup Stiffness in Vertical and X and Y Translation v

Nondimensional displacement (3,/D)

s. Noudimensional

Displacement for the Pier 2 Group Pile, Old Wahite Ditch Bridge

Al38



T e H T St . ——
S Old Wahlte Dltch Brldge

1510 i Bt M=
; R Pier 2
1.0x10" i ol group pile

K (kN-mrad)

164 1E3 0.01 Ces o1 10
' " Rotation (8)

k (kN-nvrad)
R
o

0.0 et A ass — Y —r—ty
1E-4 1E-3 0.01 3 1 10
' Rotation (¢)

8.0010° — ——rr ey
T 40010 R o=
g ' B
£
z H
= 7 !
o> 2000 i

MR
Rotation (y)

F.7aj Group Stiffness Due to Torsmn and Rocking About the XandY Axls vs. Rotation for
-the Pier 2 Group Pile, Old- Wahlte Ditch Brldge '

Al39



-2x10*

Old Wahite Ditch Bridge
| Piere [
*i: | group pile §
g -1x10 : —
N |—<— 4 .
—_— 2 <
—0O— 1/4 P
0 v i;;;;..; y—r—rtrrr o bt
1E-4 1E-3 0.01 0.1 1 10
Nondimensional displacement (5/0)
F]
o
2
=
2

(3 SRS B N R
1E-4 1E-3 0.01
Nondimensional displacement (5 JD)

[ ]

™rYrrrT

0.1 1 10

F.7ak Cross-Coupling Translation in X and Y-Axis vs. Nondimensional Displacement for
the Pier 2 Group Pile, Old Wabhite Ditch Bridge

Al40



2.0x10°

T ML ] Per2 [
OldWahlte Ditch Brldge S i i i| group pile
1.5x10° ‘ —_—t
a— : . . 'ul"‘-....;f' :
5 : : RN -k
g 1.ox10* ;
z :
= :
00_ 5.0X1°‘
0.0 e SEEESY: BN SO SRR
1E4 1E3 0.01 0.1 1 10
Nondimensional displacement (5/D)
1.5x10° -
— 1.0x10°
§ Ox10
2 -
= 50oxt0? i
L ;3
Q
0.0 i
1E-4 o.M
Nondimensicnal displacement (6/0)
ax10° v
310 4—r
£ ;
% 2xto?
i.
go" 1x10"
0 —r—r ey F———r—rrrry ———rrrr v
. 1E4 00 . 0.9 1

Nondimensional displacement {5/D)

F.7al Damping Due to Vertical and Sliding Along the X and Y Axis vs. Rotatmn for the
Pier 2 Group Plle, Old Wahite Dntch Brldge

Al4l



1210
‘ Old Waite Ditch Bridge | : |
% 8.0x1¢° o= m— '
£  aoa0 s _
o Pier 2
1 group pile ?
0.0 o pmgetmimiTT v — —
1E4 1E3 0.t 1 10

a.0x10* ptryrrry y—pyprrr —ppprrrr ——r—t—rrrry —r
' v ] v I ] : [ [N : e b . v
v i [ H o] [ M [T

] i
% 6.0x10* —
3 4.0x10* :
& 1 i
> :
200 Z
00 ——rr
1E-4 10
.5xt0*

¢ %(kN-sec-m/rad)
2
<

0.0
1E4

F.7am Damping Due to Torsion and Rockmg Aboutthe Xand Y AXIS Vs, Rotatlon for the
‘Pier 2 Group Pile, Old Wahlte Ditch Bndge

Al42



Cy {kN-sec/rad)

Ce (kN-secfrad)

-8.0x10% -

ier2
group pile

Old Wahite Ditch Bridge

0.0

1E4

—irrrree

iE-3

Lim o o 2

0.01

o1

T Ty

Nondimensional displacement (5 /D)

-1.0x10°

™TTryy

-5.0x10°

0.0

1E-4

1E-3

o

0.1

Nondimensional displacement (§ /D) .

F.7an Cross-Coupled Damping About the X and Y Axis vs. Nondimensional Displacement

for the Pier 2 Group Pile, Old Wahite Ditch Bridge

Al43



1.6x10’-

New Wahite Ditch Bridge

 ——— — i : : Ml
1.2)(107'—_1:-——“‘:'5:__. ——r — group pile -

8.0x10°

(kN/m)

4.0x10°

kG

ood— i il priiadl L] U
1E4 1E-3 0.01 0.1 1 10
Nondimensional displacement (6/D)

8.0x10°

6.0x10°

4.0x10°

2.0x10"

k. (kKN/m)

1E-4' A v 001 v 01
Nondimmlonaldlaplammem(ap)

6.0x10* ———r—rrrrm

4.0x10°

(kN/m)

2.0x10°

a
y

k

0.0 gty i it ———rrr
1E4 . 1E3 o.M 0.1 1
Nondimensional displacement (5/D)

F.7ao Group,Stiffnes's in Vertical and X and'Y Translation vs. Nondimensional
Displacement for the Abutment Group Pile, New Wahite Ditch Brid_ge

Al44



12X10. MMM Dor it R A/ AR .
s 1.0x10" e i Tabutment |
g o0 New Wahite Ditch ~{_ i |grouppie :
g  80x101 grigge -
£ st fF—= ;
L] - 9
= 4010 _ -
2.0x10" ——— i e & !
14  1E3 000 o0t 1 10
Rotation (6)
8.0x10" ———rrr T -
=  4.0x10
b=
@ |
g :
g 2.0x10
Q - H
* 1 ; I b iy . Pt : 1h
1E-4 001 04 1 10
Rotation (¢)
1.5x10°
%)
8  1.2x10°
E. .
<
=, 7
g, 9.0x10
-
60)(10 ——rtre NN B RS SILH RIS ST
1E4 - 1E3 0.01 0.1 1

Rotation (\p)

 F.7ap Group Stlffness Due to Torsmn and Rocklng About the X and Y Axis vs. Rotatwn
for the Abutment Group Pile, New Wahite Dltch Bridge

Al4s



-8.0x10°
: New Wahite Ditch Bridge

" | .| Abutment J.i..
i S Dol S | group pile

-6.0x10°

4.0x10°+— —O— 4

¢ (kN/rad)
- N

Pllo

+

6 1/2
20004 57y

M amar- e 001 i - .
Nondimensional displacement (3 /D)

4x10°

-3x10°

-2x10°

(kN/rad)

]

Ke

-1x10°

A aay e 01 . —
Nondimensional displacement (5 /D)

F.7aq Cross-Coupling Translation in X and Y-Axis vs. Nondimensional D:splacement for
' the Abutment Group Pile, New Wahite Ditch Bridge

Al46



3x10*

F S

¢ ? (kN-sec/m)

Il Abutment |

Cbonp b ooarral | group pile

1E-4 183 001 01 1
Nondimensional displacement (3/D}

2.0x10°

1.5x10°

4

1.0x10°

_ 5.0x1o‘J
0.0 AR H I S S S ARt) NN ISCE EETL! NN SN AL S 11 B S RS L1
1 E-4 1E-3 0.01 0.1 1 10
Nondimensional displacement (6/0)

c® (kN-sec/m)

6.0x10° t——rrrrm : ' -
£ 4.0x10°
S P
@ ” !
®
< 2.0x10°
° . ' |
Q. ;
0.0 e RN — ———r r— i
1E4 ) 1E-3 oM 0.1 1 10

‘Nondimensional displacement (5 /D)

F 7ar Damping Due to Vertical and Sliding Along the X and Y Axns vs. Rotatlon for the
Abutment Group. Plle, New Wahite Ditch Bridge

Al47



20010° =TT

. o .
1.5x10°— New Wahite Ditch Bridge

" Tabutment §
] group pie

1.0x10°

(kN-sec-m/rad)

5.0x10*

C

o
[

E4  1Ea o001 1 1 10
Rotation (6)

x10° T T T T
g a0 . -
E ot
£ 1xt0 —
C - ] P
© P
0 —t

Rotation (¢)

0.0 SRELS NN RIEES S0 SN S AR EE] NN S S
1E-4 1E-3 0.01 0.1 1
Rotation (vy)

F.7as Dampmg Due to Torsion and Rocking About the X and Y Axns vs. Rotation for the
- . Abutment Group Pile, New Wahite Dltch Bndge

Al48



H Abutment |
group pilte

New Wahite Ditch Bridge

(kN-sec/rad)

D5
e
A 2

c

1 3
1/2 | i
1,4 RS R
e P e
Nondimensional displacement (5 /D)

-1.5x10° =TT T

L e g

0.0 b ettt
1E-4 1E-3 0.01 0.1 1 10
Nondimensional displacement (5 /D)

F.7at Cross-Coupled Damping About the X and Y Axis vs. Nondimensional Displacement
. for the Abutment Group Pile, New Wahite Ditch Bridge

Al49



New Wahite Ditch Bridge

H

R

5 BN S
$ob et

! o
IR EE : '

LN i a o o g

' 001 01 :
Nondimensional displacement (§ /D)

01
Nondimensional displacement (3/0)

F.7au Group Stiffness in Vertical and X and Y Translation vs. Nondimensional
. Displacement for the Pier Group Pile, New Wahite Ditch Bridge

Al50



ﬂ——-ﬂ—g.—__,_a . - ;1] New Wabhite Ditch

| Bridge

210’

Kk (kN-mrad)

. Pier
:| group pile

10"

0 ——rrrry LA e ma pr—rtrrrrt Ty iy

1E4 iE3 0ot o1 1 10
Rotation (8)

2.0x10" fmerr—rrrrY ey r—r—r—rrrvY —r—rrrre —vrrrrer
' i . Elr L, ' . I N HE I : L Tl

1.5x10°

t.ox107

& (kN-mirad)

5.0x10"

0.0 et
1€4 1€ 0.01 i
Rotation (¢)

7
8.0x10 T—r=TTrTYT™ Y r—r—TTrYTTY T Y Y
: FEEE [ A : . Do
- : Dot ' s i [

-3

4.0m10"

2.0x10

k,(kN-m/rad)

0.0 A e i e
1E4 1E-3 0.01 01 A | 10
Rotation ()

F.7av Group Stiffness Due to Torsion and Rocking About the X and Y Axis vs. Rotation for
the Pier Group Pile, New Wahite Ditch Bridge

Alsl



-8.0x10° T —r—rr T ——rrr
" I New Wahite Ditch Brldge Pier
it . i) group pile
K-
g
@
Z
=
M
iEd 001 o1 10
Nendimensional displacement (5 /D)
-8.0x10" —— y
-6.0x10*
B -4.0x10°
2
< J
&
-2.0x10*
0.0 —r v

1E-4 1€-3 0.0t Y 1
o ' . Nondimensional dispiacement (5, /D)

F.7aw Cross-Coupling Translation in X and Y-Axns Vvs. Nondlmensmnal stplacement for
the Pler Group Pile, New Wahlte Ditch Brldge . :

AlS2



20x0° —rrr

T vy e
-
15x10° 4 New Wahite Ditch Bridge

3 ) AU EEPNLIS - e
%1.0:10’ 4 ————
Z . : L
& P P Pier
o 5.0x10" — i — | group pile

0.0 . v — —— VLS L

1E4 163 0.01 Y ' 1 10
Nondimensional displacement (8/0)

P :
2 Do P it]  Pier
> b LA i ' s .
X : ::] group pile

New Wahite Ditch Bridge

0.0 e i

1E-4 1E3 0.0

Pier il
e | group pite §:::
TR
New Wahite Ditch Bridge
- 0044 i

1E-4 1E-3 0.01 0.1 1
Nondimensional displacement (8 /D)

F.7ax Damping Due to Vertical and Sliding Along the X-and Y Axis vs. Rotation for the
Pier Group Pile, New Wahite Ditch Bridge -

Al53



8.03(10‘ ooy o LS SR LA B | vy —
' o | | New Wahite Ditch Bridge | '
— 6.0x10" WL § 11 — P
H Q.- a
g 40010
ezs. Pier
g 2000° group pile
00—
1E4
e R P IR R A T r—rrrrrem

(kN-sec-m/rad)
2
8

Pier
group pile

-}
c’

X

q

1E+4 1E3 0.1

LR R LA

1 New Wabhite Ditch Bridge ! Prer I i
: group pile §::|
1oa¢’ R IR T "

¢ %(kN-sec-m/rad)

'o:°| v vv.....é.“ v f......1 v ..‘...10
Rotation {y) _

F 7ay Damping Due to Torsion and Rockmg About the X and Y Axis vs. Rotatmn for the
Pier Group Plle, New Wahlte Ditch Bmdge : )

AlS54



2.0x10° T——r—rTTTTY — ..n-r[ — ---rg-! L e o Y——rTTTTTY
] o Pier '
- | group pile §
-1.5x10° ————
v
g
&
g -1.0x10°
a
pd ) oD/3 .
=, O 4
Q 2 —_— 2
-5.0x10Q - A 1
—0— 172 ‘ :
1 —O0— 1/4 : o S I
0.0 ettt r —rrry ey YT
1E-4 1€-3 0.01 0.1 1 10
Nondimensional displacement (5 /D)
-2.0)(103 ;4 T | L — .4 ey r ! Trovrey T rr T T T Y
New Wahite Ditch Bridge
-1.5x10°
= :
el -
2 -1.0xt0* :
@ .
3 - oD/5 .
& —5— 4 Pier
-5.0x10° —v— 2 i
D group pile
] —o— 12
—0— 1/4
0.0 AT
1E-4 1E-3 0.01 0.1 1 10

Nendimensional displacement (5 /D)

F.7az Cross-Coupled Damping About the X and Y Axis vs. Nondimensional Displacement
for the Pier Group Pile, New Wahite Ditch Bridge

Al55



G. LIQUEFACTION ANALYSIS
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Table G.22 Liquefaction Analysis
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Wahie Ditch Site
Ground Motion WD020203

Table G.23 Liquefaction Analysis
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Table .24 Liquefaction Analysis
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H. STRUCTURAL ANALYSIS RESULTS
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Figure H.1 New St. Francis River Bridge Four Pile Footing
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Figure H.2 New St. Francis River Bridge Five Pile Footing
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Moment vs. Rotation
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Figure H.3 Old St. Francis River Bridge Three Pile Footing
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Figure H.4 New Wahite Ditch Bridge Four Pile Footing
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Moment vs. Rotation
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Figure H.5 New Wahite Ditch Bridge Five Pile footing
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Figure H.6 Old Wahite Ditch Bridge Two Pile Footing A
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Moment vs. Rotation
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Figure H.7 Old Wahite Ditch Bridge Three Pile Footing A

Moment vs. Rotation
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Figure H.8 Old Wahite Ditch Bridge Three Pile Footing B
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