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ABSTRACT

Deep foundations are commonly used as foundation elementsrifiges in
Alabama Due to the implementation of the American Association of State Highway and
Transportation Officials (AASHTO) Load and Resistance Factor Design (LRFD) Bridge
Design Specifications, design afitical and essentiabridges will be significantly
impacted for the moderate seismic design category of Alabama.

Five bridge case studis were provided by the Alabama Department of
Transportation (ALDOT) to evaluate the response of typical foundations used for critical
and essential bridgesFB-MultiPier, a program that couples nonlinear structural finite
element analysis with nonlineatatic soil models, was used to model both the soil and
structure (both foundation elements and substructure components) of each case history.
These models were loaded with a suitesoéledtime-histoly eventsto simulate an
earthquake. Displacementthe top of the pier and ground surface was recorded, as well
as maximum shedorce bendingmoment, and eimand¢apacity (D/C) ratio distribution
along the length of the driven pile, drilled shaft, or column. The maximum &irear
bendingmoment, and BT ratio distributions indicated where the plastic hinge zones
could be expected to formm the structure. FBAultiPier was also used to develop a
family of foundation response curves that were used SAP2000 to evaluate the

performance of the case higes.



Pile performance under combined scour and earthquake was reviewed and two
different scour depth models were developed for one case hisBugkling criteria for
foundations in soft clay or liquefiable soikewealso reviewed and comparedtiwo case
histories

It was found that scour dep#ppeargo affectthe dynamic response of the bridge
pier. Thepier modeledwith 25% scour depth performed wor&ructurally)than the
samepier modeledwith 100% scour depth. This was due to large digplemnts at the
ground surface and large bending moments developing below the ground.surfece
pier foundedin soft clay over rock performed poorly due to structural failure in the
foundations. This was due flexure failure of the piles It was alsdound that drilled
shafts embedded in shallow bedrock tend to perform well depending on the natural
frequency and structural period of the pieRecommendationgor further research
addresssoil susceptibility to scour and liquefactidnll-scale dynamidoad testing, and
correlations between the natural and structural period of a bridge pier and its performance

during an earthquake event.
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Chapter 1
INTRODUCTI ON

Due to the implementation of the AASHTO LRFD Bridge Design Specifications
(LRFD Specification) (AASHTO 203), design of bridges will be significantly impacted
for the moderate seismic design cateai§DC) of Alabama. Since the AASHTO
Standard Spegtfation for Highway Bridges (Standard Specification) (AASHTO 2002)
was last updated, there has been a significant amount of geotechnical and seismic hazard
mapping research. Under the Standard Specification, Alabama was almost entirely
classified as SDC Awhich requires minimum detailing and no additional analysis for
bridge design. The Standard Specification seismic hazard map showing peak ground

acceleration (PGA) is shown in Figure 1.1.

1'SDC, seismic hazard, and seismic zone all have the same meaning and are used frequently throughout
literature. To beansistent, SDC will be used in accordance with the 2009 AASHTO Guide Specifications
for LRFD Seismic Bridge Design (Guide Specification).
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Figure 1.1. Standard Specification for PGA (%g) for a 500 setarn period AASHTO
2002)

The LRFD Specification seismic hazard maps have been significantly modified
because of two primary chang€4) the design level edrtjuake has increased from a
500year return period to a 108@ar return period, an®) the sources associated with
Alabama seismicity, the New Madrid Seismic Zone and the East Tennessee Seismic
Zone, have been further studjedhich has consequently increased the P@hiesfor
the state (Coulston, 2011)In addition, the methodology to deterai the SDCnow
includes the geotechnical Site Class. Figure 1.2 shows the seismic hazard map for the

LRFD Specification. In comparison to Figure 1.1, Figure 1.2 shows a greater level of



detail. Subsequently, the PGA has increased significantly in memtaas, especially in

the northern half of the state.

Figure 1.2. LRFD Specification for PGA for 16§0return periodAASHTO 2009
1.1 Objectives
The primary objective of this research was to evaluate the response of deep

foundations to seismic loads Alabama The specific objectives of the project included
the following:
1 Determine if ALDOT's currentypical critical and essentiddridge designspecifically

regarding the foundation elements, are suitabled@mic design in Alabama.
1 Determine tle effects(if any) that scour and liquefaction have on driven piles and

drilled shafts during an earthquake event.

1 Review other state DA® seismic design practices

3



1.2 Scope of Work

A comprehensive review of deep foundation literature and design mefihrods
seismic design was conducted along with a survey of other state @Q&siewtheir
approach to seismic design of bridge foundations

Substructure analysis wasmpletedand static foundation response curves were
developed. These curves were usedSAP2000 to represent theuhdations for the
bridges Panzer 2013). A direct analysis was conducted in whichbadge bent was
modeled for each case history atwb scour cases for one of the case histories were
modeled: 25% and 100% of scour depthsuite ofscalediime-history events developed
by Panzer (2013) was used to load the bent dynamically. Displacements at the top of the
bent and the ground surface were recorded, as well as maximumfafoeabending
moment andlemand/capacity (D/Gatio distributions.

The results of the direct anaégswere compared to the literature revigmdings

and discussed. &gommendations fduture research were also made



Chapter 2
BACKGROUND

Chapter 2 providebackground information on threlevanttopics that this project
encompassed. Previous research conducted by Auburn University and methods for
determining liquefaction potential are presented and discussedfo@uilationstructure
interaction is discussed in detail as well as different arsafysithods for determining the
foundation response. An overview of the computer software that was used to conduct the
analysis methods is provided. This also includes methods for determining soll
parameters needed and an overview of the dynamic analyss® availablein the
program. Finally, a brief overview 6iHWA GEG3 (Kavazanjian et a011) is given,
which summarizes several key points of emphasis for geotechnical considerations in
seismic analysis and design.
2.1 Previous Research

A preliminay study (Coulston 2011) funded by tAeburn UniversityHighway
Research Center at Auburn UnivergiRC) was conducted to determine whether a set
of economical bridge design standards, applicable to all hazards in the state, would be
feasible. It was ecided by ALDOT that its Bridge Bureawvill use the Guide
Specification for LRFD Seismic Bridge Design (Guide Specification), which is a
displacemenbased seismic design guideline, as an altenntd the LRFD Specification
force-based seismic design pisions. The HRC study shadthe Guide Specification

to be simpler and more economicélowever, the Guide Specification is only applicable
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to Ordinary bridges, not Critical and Essential bridges. As part of the ongoing research
by ALDOT, the design ofCritical and Essential bridges are to be investigated and
validated. Each class has a specific seismic design philosophy that was adopted by
AASHTO:
A) Critical Bridge
A critical bridge is expected to remain open to all traffic, including emergency
vehicles and for defense and security purposes after the design eartliigugkeare
earthquake with a 100¢ear return period) (Kavazanjian et al. 2011)
B) Essential Bridge
An essential bridge is expected to be usable by emergency vehicles and for security
and céfense purposes after the design earthquake (Kavazanjian et al. 2011).
C) Ordinary Bridge
Bridges that doné6t fall wunder the critice
bridges are designed to allow significant structural damage after the design
earthquake (Kavazanjian et al. 2011).
The HRC study also found that a single design standard would not be feasible and further
investigation was needed, including evaluating the response of deep foundations to
seismic loads.

The primary concern for desigsf bridges to seismic events is the substructure
elements the superstructur-substructure connection (including the webwall or
diaphragm braces), and the foundati@@sulston 2011) Damage is expected to occur at
specific ductile elements without ang collapse for design level ever(Soulston

2011) For the moderate hazard of Alabama, the substructure should be designed to be



the ductile link, whereas the other previously mentioned elenagatso remain elastic

(Coulston 2011). Figure 2.1 illtrates this behavior.

Concrete Webwall or Diaphragm— Substructure-to-Superstructure
Braces(Designed to remain Connection (Designed for
elastic for ultimate plastu hinge plastic hinge ultimate strength)
strength)

remain elastic for
ultimate plastic hinge - ey
strength) ] Plastic Hinge Zone (TYP)
Extension of Plastic Hinge (Additional confmement
Region (TYP) reinforcing required to
ensure ductility and
prevent shear failure)

Pier CaP @?ﬁgﬂed to \ j_EI B‘ L/ j_EI

(Additional confining
reinforeing required to
ensure ductile behavior of
plastic hinge zone)

Column-Foundation
Connection (Designed

Drilled Shaft Foundation for plastic hinge ultimate

. . strength
(Designed to remain gth)
elastic for ultimate plastic Driven Pile Foundation
hinge strength) (Designed to remain

elastic for ultimate plastic
hinge strength and to
prevent liquefaction
induced instability)

Figure 2.1. Inelastic behavior of bridge elements in design level seismic(€eoeigton
2011)

As previously mentioned in Chapter 1, the method for determining the SDC has
significantly changed since the Standard Specificatvas last updated. According to
Coulston (2011), SDC B would likely be the highest design category to occur in
Alabama. Figure2.1 shows the design spectrum for several major cities in Alabama
based on assuming Site Class D, which is the default soilitmondor preliminary
design. The different Site Class definitions are displayed in Téble Site class is
determined by averaging the shear wave velocity, shear strengthvalu@&throughout

the top 100 feet of soil and/or rackSee AASHTO (2009)or further details. The
7



criterion for determining the SDC for a given site/area is shown in ableReferring
to Figure2.2, the largest spectral acceleration at a period of one se&#dig about

0.18, which is well below the threshold of SDC G3@®
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Figure 22. Design eévelseismic hazard curves foglsctAlabama tties (Coulston 2011)



Table 2.1 Siteclass @finitions(AASHTO 2009)

Site Soil Type and Profile

Class

A Hard Rock with measured shear wave velocity; 5000 ft/sec

B Rock with 2500 ft/sec ©® <5000 ft/sec

C Very dense soil and soil rock with 1200 ft/se@y<< 2500 ft/sec, or with
either0 > 50 blows/ft oi > 2.0 ksf

D Stiff soil with 600 ft/sec <0 < 1200ft/sec, or with either 15 blows/ft & <
50 blows/ftor 1.0 4 < 2.0 ksf

E Soil profile withu < 600 ft/sec, or with either < 15 blows/ftoni <

1.0 ksf, or any profile with more than 10 ft of soft clay defined as
with Pl > 20, w > 40%, anid < 0.5 ksf

F Soil requiring sitespecific ground motion response evaluations, such as:
Peats of highly organic clays (H > 10 ft of peat or highly organic clay, w
H = thickness of soil)

Very high plasticity claysH > 25 ft with Pl > 75

Very thick soft/medium stiff clays (H > 120 ft)

Exceptions:

Where the soil properties are not known in sufficient detail to determine the site ¢
site investigation shall be undertaken sufficient to determine the site SéssClass E
and F could be present at the site or in the event that Site Class E or F is establ
geotechnical data.

Where:

0 = average shear wave velocity for the upper 100 ft of the soil profile as defir
Article 3.4.2.2

0 = average standard penetration test (SPT) blow count (blows/ft) (ASTM D 158
the upper 100 ft of the soil profile as defined in Articlé.3.2

i = average undrained shear strength in ksf (ASTM D 2166 or D 2850) for the

100 ft of the soil profile as defined in Article 3.4.2.2
Pl = plasticity index (ASTM D 4318)
w = moisture content (ASTM D 2216)

Table 2.2 Partitions forseismic design ategories A, B, C, and PAASHTO 2009)
Value of SA SDC
SA <0.15

0.15 <SA <0.30
0.30 <SA <0.50
0.50 <SA
Where:

SA = Spectral acceleration at a period of 1 secon

wli@live]pd




Currently, the Guide Specification (displacembasel procedure) does not allow
for design of Critical and Essential bridges. There are three classes of bridges: (A)
Critical, (B) Essential, and (C) Other (sometimes called Ordinary) Bridges (in descending
order of importance) (Kavazanjian et al. 2011).
2.2 Evaluation of Liquefaction Potential
During an earthquake, situ soils may be susceptible to liquefaction.
Liquefaction typically occurs when saturated cohesionless soil undergoes undrained
loading conditions which generate excess pore water pres@iiramer, 1996). This
increase in pore water pressure subsequently decreases soil shear strength and stability;
the soil then mobilizes until it reaches a state of equilibrium. There are two general
modes of liquefaction that can occur: (A) flow liquetfan and (B) cyclic mobility
(lateral spreading) (Kramer, 1996).
A) Flow Liquefaction
Flow liquefaction produces the most dramatic effects of the two, flow failures (or
landslides), which occur on sloping ground. Flow liquefaction occurs when the shear
stress required for static equilibrium is greater than the shear strength of the soil
(Kramer , 1996) . The soil then Afl owso
a stable condition. These can often be catastrophic, destroying structures and killing
people in its path. Figure 23 shows an example of damagausedby flow

liquefaction.
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Figure 23. Flow liquefactiondamage to a road in Japan during an offsharthguake in
2007(USGS, 2008)

B) LateralSpreading
Lateral Spreadingon the other handyccurs on gently sloping ground or flat ground
near water when the static shear stress is less than the shear strength of the liquefied
soil (Kramer 1996). These deformations can oceel after ground shaking has
ceased, depending on the length of ti@guired to reach static equilibrium (Kramer
1996). This mode can be destructive as well, causing bridges to collapse and
excessive settlement of structures. FigudesBows a collapsed bridge due to lateral

spreading.
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Figure 24. Collapse of thehowabridge in the 1964 Niigata, JapaawrgnquakgNGDC
as referenced in Kavazanjian et al. 2011)

Because both modes of liquefaction can cause significant structural damage to
existing structures, an evaluation of liquefaction susceptibility is an impaspect of
seismic design. Both modes of liquefaction can cause axial and lateral resistance of
foundations to decrease significantly.

In a recent studyEbersole and Perry 2008), liquefaction potential was mapped
based on geologic age and origising the Youd and Perkins (1978) method, which is
shown in Table 2.3 This method is based on geologic conditiorSome geologic
formations are inherently more susceptible to liquefaction than others. Fi§igieois
liquefaction susceptibility for Alabam This map clearly indicates the relatively low
potential for thenorthern part of the state. However, almost all of the areas that have a

high potential for liquefaction are located near stream or river beds where alluvial

12



cohesionless deposits gengrahake up the solil stratigraphy and the soils have a high
degree of saturation. This is important becauosany bridges are built to cross

waterways.
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Table 2.3 Susceptibility of sedimentary deposits to liquefaction during strong shaking

(Youd and Pedins 1978)

General dis-
tribution of

Likelihood that Cohesionless Sediments,
When Saturated, Would Be Susceptible
to Liquefaction (by age of Deposit)

cohesionless
Type of sediments Pleis- Pre-
deposit in deposits <500 yr Holocene| tocene | Pleistocene
(1) (2) (3) (4) (5) 6)
(a) Continental Deposits
River channel Locally variable Very high | High Low Very low
Flood plain Locally variable | High Moderate Low Very low
Alluvial fan and
plain Widespread Moderate Low Low Very low
Marine terraces
and plains Widespread ---- Low Very low | Very low
Delta and fan-
delta Widespread High Moderate Low Very low
Lacustrine and
playa Variable High Moderate | Low Very low
Colluvium Variable High Moderate | Low Very low
Talus Widespread Low Low Very low | Very low
Dunes Widespread High Moderate Low Very low
Loess Variable High High High Unknown
Glacial till Variable Low Low Very low Very low
Tuff Rare Low Low Very low | Very low
Tephra Widespread High High ? ?
Residual soils Rare Low Low Very low | Very low
Sebka Locally variable High Moderate Low Very low
(b) Coastal Zone
Delta Widespread Very high High Low Very low
Esturine Locally variable | High Moderate | Low Very low
Beach
High wave
energy Widespread Moderate Low Very low | Very low
Low wave
energy Widespread High Moderate Low Very low
Lagoonal Locally variable | High Moderate | Low Very low
Fore shore Locally variable | High Moderate Low Very low
(c) Artificial
Uncompacted fill Variable Very high - -—-- -
Compacted fill Variable Low ---- -—-- ---
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Legend
— County boundaries
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would be ptible to
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M High
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Based on liquefaction susceptibility classes
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Polygons based on the 1:250,000-scale
of Conieat

digital gic map
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Figure 25. Liguefaction susceptibility of Alabama based on Youd and Perkins 1978
(Ebersole and Perry 2008).
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Table 2.4 presents the Guide Specification requirements for liquefaction for each
SDC. It should be noted that Kavazanjian e{2011) recommended that a liquefaction
evaluation for SDC B was not necessatry.

Table 2.4i Liquefactionevaluation requirements foaeh SDQAASHTO 2009)

Value of SA SDC Liquefaction Evaluation Required?
SA; <0.15 A No

0.15 <SA; <0.30| B | Should beconsidered for certain conditiof
0.30<SA;<0.50| C Yes

0.50 <SA; D Yes

Where:

SA = Spectral acceleration at a period of 1 second

If the site is deemed to have a high potential for liquefaction, a formal
liquefaction evaluation should be donenmost cases.Referring to Figure 2.4, most of
the areas that have a high potential for liquefaction are located in the southern part of the
state, which has a low sesmic hazard (SDC A). Howekerpotential for liquefaction
should always be considerada SDC B.especially in regard to bridges near waterways
in the northern part of the state. The Simplified Procedure, originally developed by Seed
and Idris (1982) isone of the most common method used to evaluate liquefaction
potential and is recommendi¢o use should the engineer deem it necessary. It has been
revised since its initial development and is presented in Kavazanjian et al. (2011). It
should be noted that the Simplified Procedure should be primarily used for sites with
moderate to strongrgund motions (0.2 g <i@ax< 0.5 g) (Kavazanijian et al. 2011).
2.3 Soil-Foundation-Structure Interaction

Understanding how the global system of any problem works is an important step
in analysis and design of systems and structures. In this caseplia gystem is the

bridge pier and surrounding elements, which can be broken into two main components:
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the soil and structure. The presence of a constructed facility modifies thiekiee
ground motion at the base of the structure and typically redu¢Ksvazanjian et al.
2011). Fredield ground motion is the natural ground motion one would feel standing on
undisturbed earth during an earthquake event. The interaction between the soil and the
structure is commonly referred to as ssifucture ingraction (SSI). The structure can be
further broken down into two separate components: foundation almedeground
structure. Theaboveground structure in thecase of the type of bridge under
considerations the pier column(s) and cap, and the bridgekd The interaction of the
system is more properly described as-fmilndationstructure interaction (SFSWhich
will be used throughout this document (Kavazanjian et al. 2011). There are two sources
of SFSI: kinematic interaction and inertial intetian. Both interactions occur during an
earthquake event and are complex. The foundation is loaded kinematically by the
earthquake, and then the structure beginsmimve causing inertial forces to be
transferred from the structure to the foundation.
2.3.1 Kinematic Interaction

Kinematic interaction directly interplays both the soil and foundation system,
making this interaction the more complex of the t{Bhattacharya 2003 Before the
superstructure begins to oscillate, the piles may be forcedhdysoil, to displace
depending on théexural stiffness (El) of the pilgBhattacharya 2003).The motion
difference between the pile and the #fe#d motion can induce bending moments in the
pile (Bhattacharya 2003)Kinematic interaction is often igpred in analysis because it is
negligible for flexible piles in competent soils and tends to reducealogeground

structural motion fostiff piles (Kavazanjian et al. 2011). In most applications, kinematic
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interaction response analysis is not feasibécause it leads to large numerical models
(Kavazanjian et al. 2011). However, it can prove to limit conservatinggould reduce
costs associated with constructing the bridge.
2.3.21Inertial Interaction

Inertial interaction takes place as the stuwe begins tonove,andthe magnitude
of the inertial forcesdepends upon the fundamental period of the structure and the
frequency content of the ground motions (Kavazanjian et al. 2011). These inertia forces
of the structure are transferred to therfdation system as laterfrces, verticaforces
and bending moments. To model inertial interaction for deep foundations, an equivalent
cantilever or springlashpot model is used to represent the foundation (Kavazanjian et al.
2011). Figure 2.6 shows generalized form of the inertial interaction model for deep
foundations.This is a simple approach and is done often. However, it cannot account for
the bendingmoment distribution in the pile, and, for eachtlué five relevant deges of
freedom (DOF)2 translational and 3 rotationathe length of the equivalent cantilever

(or point of fixity) may be different (Kavazanjian et al. 2011).
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Figure 26. Inertial interaction model for deep foundatigisvazanjian et al. 2011)

2.3.3 Seismic and Dypamic Response Analysis Methods

The two most commommethodsthat areused to analyze the seismic response of
bridge foundationsare substructure analysis and direct analysis. For both methods,
several factors must be considered: soil stratigrapitystrendt parameters, water table
elevation, foundation types and lengths, pile cap design (if applicable), and different
geotechnical hazards such as scour and liquefaction. Each project is different and the
analysis may or may not need to include considerdtorother geotechnical hazards
besides an earthquake. Thoughtful consideration must be given to all possibilities before
implementing an analysis program.

Depending on what type of abutment is present, there are different resisting
mechanisms, includingnobilization of the abutment baekall, that contribute to the
resistance of a bridge to an earthquake evéior further detail, seavazanjian et al.

(2011).
19



2.3.3.1 Substructure Analysis

Substructure modeling is the simpler ahd more common methodf the two.
The most common way to determine the foundation stiffness is by using a computer
program, such as LPILE or FHultiPier, that uses the-p method to determine soil
response, then extrapolate the stiffness so that it represents a group sstjifnes
necessary). Since the extrapolation method was not used in this project, it is not covered.
SeeKavazanjian et al(2011), for a more detailed discussion. While this is widely
accepted, there is software capable of modeling pile groups more tebcuwach as
GROUP and FBJultiPier (which was used for this research project). Greater detail
about FBMultiPier and the gy method is covered in section D#this chapter.

There are six DOFof a foundatiorsystemand the stiffness dhe foundatiorfor
each degree must be known or estimated. The DOF are axial-kteral translationy
v, andw) and rotatior(Ux, Uy, andUz) about each of the three axes. Sometimes, it may
be appropriate to assume some DOF are fixed, and therefore, they do not need to be
evaluated, such as axishnslationor torsionalrotation To determine the response of the
foundation, astatic response analysis is done at the pile head or pile cap®eadrigure
2.7 for a representation of substructure modelifrgthis case, it was assumed the pile
head was fixed within the cap, therefore they were modeled together. One question tha
is usually asked when determining the response is whether the axial dead load should be
included in the lateral and rotational ptmier analysis. Lam and Martin (1986)
concluded the following:

For convenience in design or analysis, the axial soil supp

characteristics are assumed to be independent of the lateral soil support
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characteristics. This is justified because lateral soil reactions are usually

concentrated along the top 5 or 10 pile diameters whereas almost all of

the axial soil resistance ideveloped at greater depths. Therefore, the

axial and lateral soil support behavior can be&udied and analyzed

separately.

The end result of a static foundation response analysis is a family of
force/moment versus displacemeotation responsecurves hat represent the pile head
or the top of a pile grouin a structural model These curves are almost always
nonlinear. The structural and geotechnical engineer must communicate effectively as
where to properly apply theprings and in what fashion. kg 28 shows an example of

a foundation stiffness curve.

Substructure Modeling

T ¥ 4

Cut column at pile cap and replace with springs/dashpots

Apply kinematic pile cap motions to horizontal, vertical,
and rotational springs at centroid of pile cap

Compute resulting response

Substructure modeling can provide exact solution for linear system

Can iterate to approximate nonlinear effects using equivalent linearization

No direct way to handle nonlinear systems

Figure 2.7 Foundation gbstructurenodel forkinematic aalysis(Kavazanjian et al.
2011)
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Figure 28. Example of a foundatiorti§nesscurve

2.3.3.2Direct Analysis

Direct analysis is not a@ in most applications. It is simply too time consuming
and complicated to be used for every prgjaad most institutions or companies cannot
afford the type of software that is best suited to run this method of analysis. Direct
analysis builds on thaof substructure modeling. However, tihistory or response
spectrum functions, structure configuration, and dead loads must also be input into the
program. See section 2.4 for more detail on these topics. Figush@ys a detailed

representation adirect analysis.
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Figure 29. Direct (or Total) sil-foundationstructurekinematic nteractionmodel
(Kavazanjian et al. 2011)

2.4 Computer Programs

While there are several programs that can perform substructure analysis, such as
LPile (Ensoft 201®)) and GROUP (Ensoft 201&8), FB-MultiPier (BSI 2013b)) is
capable of doing both substructure and direct analysis. This was an important factor in
deciding which program to use.
24.1 Overview of FB-MultiPier

FB-MultiPier is ahybrid finite element angkis program developed by the Bridge
Software Institute (BSI), which is headquartered at the University of Florida in
Gainesville, FL. It is capable ahodeling multiple bridge pier structures that are
interconnected by single representative bridge spahs. full structure can be subjected
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to a full array of AASHTO load types in a static analysis or time varying load functions
in a dynamic analysis (BSI 28(b)).

The structural elements that it is capable sohulating include foundation
element(s)(piles and drilled shafts)pile cap(s), column, and pier capAll of the
structural elements can be uniquely modeled by the user. The program also provides
standard sections for many common foundation elements (@dile, drilled shatft,
prestressed concrete il pipe pile, etc.). For the sddundation interaction, FB
MultiPier uses axial {£, Qz), lateral (py), and torsional (Aq) nonlinear spring
functions (soil springs)It uses 2node finite elements below the ground surface to model
the pile, placing thecorresponding axial, lateral, and torsional soil springs at each
element. The number ofribde finite elements can be et fromfive to fifty below the
ground and for the free length of the pile (if any). -MBItiPier employs several soil
spring functionsto characterize the soil stiffness as well as the capability to enter a
customized set dencurve points if none adhe default soil springs are suitable.

FB-MultiPier uses an iterative solution method to solve for #teictural
displacements. This method follows a secant approach wheMuRPier finds the
stiffness of the soil andtructurefor a computed set oflisplacements, assembles a
stiffness matrix, anthensolves for a new set of displacements. Convergence is achieved
when the system is in static equilibriumThis is determined by comparison of the
magnitude of the highest eaf-balance nodal force aride tolerance definely the user
in the input file If the highest oubf-balance force is lower than the tolerance, the
system is in static equilibrium and the program terminatdsthe program did not

converge, it is likely due to one of three reasqd) structural failure, (2) soil failure, or
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(3) numerical instability. Structural failure occurs when a plastic hinge develops within
the model and the shaft/column/pile cannot distribute the load any longer and
subsequently, does not converge to dutgm. Soil failure occurs when the
displacements of the soil springs are large endbghthe ®il cannot absorb any more

load. This leads to large oubf-balance forces.Numerical instability can occur from a
combination of things within the modalchassecondary moment effects, time stepping
issues, corrupt input data, etc. The output files are a good indication of what causes the
model to fail(especially the last timstep)and should always be reviewed.

When first opening FBVultiPier, the usr must open an existing file or select a
new problem type. If a new problem type is selected, a default file is automatically
loaded and displayedBSI 2013()). Figure 210 shows the home screen of +B
MultiPier. The top left window is the Model Datanslow where most of the information
is enteredBSI 2013(b)) The top right window is the Pile Edit window and it shows the
pile group in plan. The bottom left window is the Soil Edit window where the soil
stratigraphy is shown. A-B view of the pier sucture is shown in the bottom right
pane. This graphical user interface allows the user to see the development of the model
as it is being built, which can help find mistakes and accelerate the pr@®ks
2013(b))

The following sections provide aibf introduction to the system processes and
various models employed by HBultiPier and are taken (in most part) from the-FB
Mul ti Pier User 6s (BSlR0ab) ( uRefrdrs tmantulae )use

further details and relevant information.
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24.2 Soil Modeling
FB-MultiPier is capable of modeling multiple soil sets and layers within a model.
This is important as site conditions can vary within a few feet. There are several
important soil properéis that are required as input parameters within the proguam
as Youngo6s modul us, Poissonds ratio, shear
strength, subgrade modulus, and the water table elevé®i®h 2013(b)) However,
depending on wheagoil model is selected, other properties, such as shear strain, unit skin
friction and ultimate tip resistance may b
recommendations for estimating soil properties and for brevity, theyoagesented in
this document A brief description of eactsoil model is given. More detailed
information can be B3204a3xb))i n t he wuser ds man
It should be noted that for both lateral and axial (skin and base resistance)
interaction American Petroleum Instiut e 6 s ( APl ) ¢ &reaaso availables a n d
in FB-MultiPier. For further detaitegarding these models, see AP397).
24.2.1 Lateral
For the lateral soipile interaction, FBMultiPier employssix different py
models to choose from as Wwek a user defined option. Thiscludes: ( A) Mat |l ocl
Soft Clay Below Water Tabl e, (B) Reesebds S
Wel chdés Stiff Cl aySaAdobReese, Gt taedrKoop,dBpINe,i | ( B)s
Sand, (FO6 Nei | | 6 $G) [Grheatgne (Meavayl.
A)Matl ockdés Soft Clay Below Water Tabl e
Matlock (1970) developed curves for soft clay below the water table for both static

and cyclic loading conditions. This representation requires the umieig h t 2 ;
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B)

C)

undrained strengths,; and strain at 50% of the failure load of an unconfined
compr es ssp of the Soikte e jnputfor both programBigures 211 and 212

are representations of the curves.

Reesebs Stiff Clay Below Water Tabl e
Figures2.13 and 2.4 are the py curves for stiff clay below the water table developed

by Reese et al. (1975)The soil parameters necessary to develop this curve are
subgrade modulus, k; uniteig h t , 2; u n ds,;andnhe strairs &t 508 mfg t h ,
thefalw e stress i n an un goFglre 2i1Rigthestatimgasee s s i o
and Figure 24 is the cyclic case.

Reese and Welchos Stiff Clay Above Water
Reese and WeYy aivedase fdr 4tif ¢dlay pbove the water tabl&@his
modelrequires the input of univeig ht , 9 ; undg;andthedraisat50engt h
% of the failure stress isgnNoegenhatthecydiof i ned
curve is dependent upon the number of cyclEgyure 215 is the static model and

Figure 216 is the cyclic model.

D) Sand of Reese, Cox, and Koop

E)

Reese, Cox, and Koop (1974) developed a model for sands in gemaralmodel

requires subgrade modulus, &ffective unit Weig h t 20; and the an:
friction, Higure2flbigboth theestats and tyclic model for sand.

O6Neill 6s Sand

O6 Nei | | and Murchison (1983) d@97¢fooped a

the lateral soil pile interaction for sand. Similarly, this model requires the input of
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F)

G)

subgrade modulus, leffectiveunit Weig h t 20; and angle of
the soil. Figure 218s h o ws O Gyiterve ffol sarsl. p

OO0 Neill 6s CIl ay

O6 Nei | | and Gevaopeu @Imadel fofl @a8. A his model requires the
input of undrained strength,;; the strain at 50% dhe failure stress in an unconfined
compresss;yomntdessthhe Gtrain at fail ume i n
Figure 219 shows the static curve and Figur@®shows the cyclic curve.

Limestone (McVay)

McVay and Niraula. (2004) developesl model for rock with characteristics of
Florida limestone. The model requires the input of unconfined compressive strength,
Qu- This model was based on twelve lateral load tests conducted in a centrifuge. It
should benoted that the repo(McVay and Nraula 2004yecommends that full scale

field tests be conducted to validate the curves. Figure shdws the normalized

curves from the tests conducted.
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(McVay and Niraula 2004)

24.2.2 Axial

For the axial soipile interaction (this section excludes tip resistance); FB
MultiPier employs three models as well as the user defined option. These include: (A)
driven piles, (B) drilled and cast insitu piles/shafts, and (C) axial skin resistance for
limestone (McVay).
A) Driven Piles

This model is for both cohesive and cohesionless soil. The user must supply the
initial shear modulus, & P o i s s o md@she maximunshear stress between
the pile and soil at the depth in question, Figure 2.2 shows the axial & curve for

a pile.
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B) Drilled and Cast Insitu Piles/Shafts
The T-z curves used are based on the recommendations found in Wang and Reese
(1993. They are ba on trend lines and computed for each node. There are three
models provided for the following soil types: sand, clay and intermediate
geomaterials (IGM). For both the sand and clay models, no additional soil properties
are needed. Figures 3.2and 2.2 present the sand and clay trend lines. The IGM
model i s taken directly from FHWAOGS Lo
Intermediate Geomateria(sO 6 Ne i | The ws8rIndist supply the mass modulus,
Enm; modulus ratio, R/E;; surface condition; spliensile strength of the pile concrete;
unit Weight of the pile concretg.o,, and the slump of the pile concrete. Refer to the
FB-MultiPier user manual for more details.

C) Axial Skin Resistance for Limestone (McVay)
This model is taken from McVagnd Niraula(2004)as previously mentioned. The
user must supply the ultimate unit skin frictiopad The curves are based on tests
performed on 6 feet diameter drilled shaft embedded 18 feet into rock. Figbre 2.2

shows the comparison of the normalized Gunes.
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Load Transfer in Drilled Shafts
Trend Lines for Clay far Side Friction
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24.2.3 Torsional

FB-MultiPier uses two models to account for the 4tioear torsional (¥q)
behavor of the soil: a hyperbolic curve and a user defined curve. The initial slope of the
hyperbolic curve is a function of the shear modulus, G; and the ultimate value is based
upon the ultimate shear stress at the-gitél interface. Figure 2&@shows a kiperbolic

representation of the-@ curve.

T (F<L)|

T | ——

-
0 (rad)

Figure 2.3. Hyperbolic epresentation of -U curve(BSI 2013(b))

24.2.4 Tip
FB-MultiPier uses two axial base resistance (or Tig @odels as well as a user

defined curve. These models include: (A) driven pile, and (B) drilled and caist in
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piles/shafts. For every model in FBultiPier, the pile must be embedded in a soil

element. The amount of embedment does not matter for axial analyst is not to say

it does no matter for lateral analysis, however.

A)

B)

Driven Pile

The nonlinear @ model used in FBAultiPier is a function of the ultimate tip
resistance, Qinitial shear modulus,G and Poirms Figure@.2 shows the o ,
Q-z curve for driven pile. The model used is from McVay (1989).

Drilled and Cast Insitu piles/shafts

The drilled and cast insitu pile/shaftszxurves are based on the recommendation
given by Reese and Wang, 1993. They are dasetrend lines and computed for
each node. Trend lines are provided for sand, clay, and IGM. For sand and clay, the
uncorrected SPT blow count and the undrained shear strengtiis sequired
respectively. For IGM, the mass modulug,,Es required.See t he user 6s m:
more information regarding IGM modeling. Figures&adhd 229 show the trend

lines for sand and clay respectively.
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Figure 2.2. Axial Q-z curve fordriven pile (BSI 2013(b))
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Load Transfer in Drilled Shafts
Trend Line for Clay far End Bearing
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2.4.2.5Input Parameters

One of the most important aspects of any computer progrargsena the input
parametersised. There are many correlations, charts, tables, etc., to determine the soill
parameters necessary for fMBiltiPier. The input parameters needed to be determined
for this project andsources used to determiparametersre shown in Table 2.5.The
shear strength correlations referenced are primarily based on the-8&Uie\ which is

commonly used to determine soil strength and consistency.
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Table 2.5 Input parameters needed for fMultiPier

unit Weight
(Terzaghi ad Peck 1968)

angle of internal friction
(Peck et al., 1974); (Barton 1973, and Hoek & Bray 1977, as
referenced in Mayne et al. 2001)

undrained shear strengind unconfined compressive strength
(Kulhawy and Mayne 1990)

strain at 500 of the failure stress in an unconfined compression t
(Reese and Wang 1993)

strain at 10@b of the failure stress in an unconfined compression
(In the absence of testing,x p e r i e n c ejis somewkeret
between 7 and 15 % or roughlyice that ofl})

subgrade modulus
(Reese and Wang 1993)

initial shear modulus
(PL_AID,1989

t

unit skin friction
(BS120136))

Qti p

axial bearing failure
(BSI 20136) after Schmertmann (1967))

Poisson's ratio
(BSI12013p))

SPTN-value
(Value determined based on Standard Penetration Test)

2.4.3 Structural Modeling

FB-MultiPier is capable of modeling complex structural components.

structural components are modeled by inputting the pier geometry (pier height, pier cap
cartilever length, column spacing and offset, number of piers, and pier cap slope), cross
section parameters, and taper data (if applicable). Fig8@esBows the pier data edit
window. The program has default crossctions or the user can model a custo.

The crosssection can be modeled as one of two types: gross properties and full cross

section. The gross properties option requires the specification of the resulting sectional
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properties. This can be cumbersome when modeling complex reinforce@teooross
sections. The full cross section option requires reinforcement deta material
properties. The sectional properties are calculated internally. Fi@lrarili 232 show

the gross properties and full cross section windows within thergmog Figure 233
shows the reinforcement specification window. The user has the option of specifying
reinforcement by custom designation or by percentage of gross area.

The program can conduct linear or Horear analysis for both the pile and pier
(columnand cap. If linear behavior is selected, it is assumed the behavior is purely
linear elastic and deflections do not cause secondary morfe®t2013(b)) If non
linear analysis is selected, the program accounts for second order eHdelsjps well
as stiffness changes within the structure, such as cracking of concrete, and it uses either
user defined or default stressain curveg¢BSI| 2013(b)) P-delta effects occur when the
axial force becomes eccentric within the element due to depkaats of one end of the
element relative to the other, causing anaftvalance moment within the memi&sSI
2013(b)) The default noitinear stress strain curve of concrete is a function of
compressive str engt hofeastdtyof theeondfateu mMhg desaultmo d u |
stressstrain curve formild steel, such as an-pile, is elasticperfectly plasticand a
function of Yfoelastigtyaad the gieldistrangth These default stress
strain curves are shown in Figure82and 235. Concrete modulus is also needed for
developing the concrete models in-MRiltiPier. Equation 2.1 presents the concrete

modulus equation given by ACI (201fbr normal weight concrete

[ONNV 181 8 179) (2.1)
where:
E. = modulus of elasticity of concrete (Ibf)n
f.0 = specified 28day compressive strength of concrete (f)/in
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24.4Foundation Modeling

The foundation elements are modeled like that of the structure elements as
previously mentioned. There are default options as weld aser defined option
available. The option to model multiple pile sets is also availabf@r example, if the
design calldor one drilled shaft tip elevation at 250 feet and the other at 265 feet, FB
MultiPier can specify 2 (or more) pile sets. This is an important option, as tip elevations
or pile types can be different for a large pier structure.
24.5 Pile Cap Modeling

The pile cap is modeled basedtorh e c o ¥ o u B g @ 6 somaadtiaity u s
Poi ssonds r at i aveighttohthe pile nap maerial @sually concrete). To
avoid stress concentrations at the base column node where it connects to thB-pile,
MultiPier spreads the load to the four adjacent nodes on the pile cap using rigid
connectors built in to the progra(BSI 2013(b)) The user has the option to choose
whether to treat the pH®-cap connection as pinnedrgid (referred within the gpgram
as fixed)

The pile cap can also be a factor in lateral and axial capacity within the program.
A simple parametric study was done to compare a pile cap just above the ground surface
and a fully embedded pile cap. It was found that the laterd¢atieihs decreased
significantly when the pile cap was embedded. Though this is generally correct, the soil
resistance around the pile cap may change during construction depending on the
techniques useand depth of embedmentherefore, it is up to thengineer to determine
the fAas builto strength of the soil surrou

the option to include axial bearing effects of the pile cap is available. It is to the
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discretion of the engineer whether to use it or ndiypically, pile foundations are
designed with the assumption that the axial forces would be resisted by the piles alone.
2.4.6 Pile Group Effects

Lateral and axiatesistance o$oil for a group of piless typically not equal to the
sum of the individuatesistancerelative to each pil¢BSI1 2013(b)) Generally, thesoil
resistanceo a pile within a group is less than the same individual pile (not in a group).
This difference in resianceof soil to a pile within a grougs a function of the pile
certer-to-center (ec) spacing and location within the gro(rown et al. 1988) Lateral
group effects are typically handled by usepof multipliers Py multipliers are used to
degradeth@-ycur ve t o account f (oe, lodsbfeil rédsistdneedfo wi n g o
piles in the trailing rowsjBrown et al. 1988). When a pile group is loaded, the front row
(or lead row) carries a larger proportion of the load, whereas the trailing rows carry less
of a proportion. Figure 36 shows an illustrationfaa generalized pile group interaction
when laterally loaded.

FB-MultiPier provides the user with three options: (1) use defaulmultipliers,
(2) user definedp-y multipliers, or (3) do not use-y multipliers. The defaulp-y
multipliers are basean the recommendation by Brown et al. (1988). The default
multipliers used in FBMu | t i Pi er f or |l ater al | oading ar
where 0.8 is the lead row and 0.3 is the trail row vl 2013(b)) These values are
recommended by ®wn et al. (1988) to be used for 3D spacing. Note that if there are
four rows, the trail multiplier would be 0.2, whereas if there were ten rows, the trail
multiplier would be 0.3. For 5D spacing, Brown et al. (1988) recommends using the

folowingp-ymul t i pl i ers: 1.0, ©0.85, 0.7, 0.7, é&,
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the trail row value.BSI (2013(b))also recommended using the sgorg multipliers for
battered piles. It is also important to note thatNF@tiPier will apply thep-y multipliers
to the correct pile rows (lead to trail) based on which direction the piles move (not based
on which direction the initial load is applie(BSI 2013(b)) For dynamic analysis, this
means that as a pile is moving back and forth,ptgemultipliers will be updated each
time the piles change the direction of displacement.

FB-MultiPier also considers group efficienégr axial loads Group efficiency
for axial loads is the ratio of the amount of axial load the group can resist relative to the
sum of he single pile resistances that make up the group. Typically, driven pile group
efficiencies are greater than one because thecsoisolidatesduring driving, which
increases the soil axial resistancBhe user has the option to input an efficiencydact
other than one. Otherwise the default factor is one. See Hannigan et al. (2006) for

recommendations for axial group efficiency factors.
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2.4.7Dynamic Analysis Methods
There are two methods that MBultiPier employs to predict the dynamic
response of a system: transient dynamic {ms¢ory) analysisand modal response
analysis. Both dynamic analysis options lamnefly discussederein For moe detail on
either analysis type, see Fernan(i€299.
2.4.71 Time-History Analysis
FB-MultiPier uses timéhistory analysis teimulatethe structural response under
an earthquake event. This is done by loading an earthquake record into the prdgram. F
MultiPier has built in functions and also allows the user to upload their own. The
functions can be either applied as load versus tineorc el er ati on versus t
versus timeo functions are genertally for i
Time-history analysis allows significant inertial and damping effects to be
considered when determining the structural response. This done by using implicit time

integration algorithms to obtain a numerical solution to the equation of motion:

0 W 0 W U "00 (2.2)
where
0 =  mass matrix
w = nodal acceleration vector
o) = damping matrix
@ = nodal velocity vector
0 =  stiffness matrix
@ = nodal displacement vector
"O0 = external force vector

FB-MultiPier has the option of using either the Newmark or WilSomethod to

determine the numerical solution of Equatio2 By using discrete time increments
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specified by the user. Typically, the same time step is used in that of the time function.
It is possible, however, to use a larger time stepdoaceanalysis time if théime-history
event is long This skips over some time steps and may miss a few peaks, but generally it
is not significanin the overall response of the structuféor mae detail regarding time
history analysis, see Fernandes (1999).
2.4.72 Modal ResponseéAnalysis
Modal response analysis performs a response spectrum analysis of the structure in
its equilibrium position(BSI 2013(b)) The equilibrium position being thesponse of
the system after it was statically loaded. Figui& Zhows the cycle for how modal
analysis is conducted within FRultiPier. To perform modal analysis, RBultiPier
requires the number of modes in which to run and a spectral accelenatictiori
(acceleration versus frequency)Global damping factors can be applied if applicable.
Fernandes (1999) describes the modal analysis process witiMfuRiRier:
In the first cycle the earthquake is applied to the structure and the initial
forcesat the base of the piers are computed. Initially the springs that
represent the foundation are considered very stiff, to simulate fixed
supports. Then for each column a vector of six forces is generated, the
three forces k Fy, and E in the x, y and directions, and the three
respective moments Then each of these forces is applied to the
foundation, one at a time, like in a regular static analysis. This will
produce three displacements, dl, and &, in the X, y, and z directions,
and three respeéwe rotations, ¢, @, and g, at the base of each

column... After all six forces are applied we have the six by six flexibility
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matrix for the foundation, onéflexibility matrix) for each column.

Inverting this matrix we obtain the new stiffness far toundation, which

becomes the foundation springs for the bakeaxh pier for the next

cycle.

Note that the force vectors generated represent the foundation response.
Once two consecutive forces are within the user defined tolerance, the program
terminates. Note that in this analysis, the structure is considered linear, but the
springs generated for each cycle will have characteristics of nonlinear behavior

(Fernandes 1999).

|® 7T 9
W'A#AL_’ Cycles
QA

Foundation I
springs, 6

per column

®
:
®

Figure 237. Modal analysis iocess for dridge pier within FB-MultiPier
(Fernandes 1999)
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2.4.73 Damping

Damping is a complex and important part of structural response during
dynamic loading. It reduces the free motion vibrations in an oscillatory system.
Damping effects in a real system, such as a bridge,due to fricton, air
resistance or otherexternal or internal (within the damped systephysical
mechanisms. FBAultiPier employs Rayleigh mass and stiffness damping factors
in time-history analysis. In the initial development of the dynamic analysis option
in FB-MultiPier (Brown et al. 2001)Rayleigh mass and stiffness damping factors
for the pier, piles, and soil were determined based on field tests correlated to the
program resultsThe Rayleigh damping factors used in Brown et al. (2001) are

presented in Tabl2.6. From Equation 3, we can expand the damping matrix,

[C], as:
0O | 0 10 (2.3)
where:
| =  stiffness proportional damping constant
0 = stiffness matrix
i = mass proportional damping constant
0 =  mass matrix

Table 267 Rayleigh dampingdctors used in Brown et §2001)

Mass ( a | Stiffness ( &
Pier 0.04 0.01
Piles 0.001 (steel) | 0.001 (steel)
Soll 0.015 0.015
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2.4.7.4 Dynamic Relaxation

Dynamic relaxation within FBJultiPier accounts for a static dead load before the
transient dynamic load is applied. Static analysis of the structure iscteddbefore the
dynamic load is applied and a new stiffness matrix and nodal displacement vector are
obtained through the static analysis once the system is in equilibrium (BSIbR013(
This new initial stiffness and nodal displacement vector is thed usthe dynamic time
history analysis. If this option is not used, it will apply the dead load as an impact load
simultaneously with the dynamic load (BSI 20d)3( This can exaggerate the dynamic
structural response, and therefore, any assessment bas@el on that response is

unreliable (BSI 2013y)).

2.4.8 FBMultiPier Limitations

While FB-MultiPier is a very powerful programthere are several
limitations thatthe user should be aware of. These limitations can affect the
quality of the output. Therefore, it is important to understand them to properly
interpret the output generatedMost of these limitations directly affect the
dynamic analysis.

1 FB-MultiPier can only apply 100 percent of the ground motion in the X, Y
or Z direction (or a combimation of the three) It cannot apply, for
example, 30 percent in the X direction and 70 percent in the Y direction.

1 There is a apparentimitation in thenumberof decimal placeshe time
and acceleration values ceatmelstep i n the

was originally 0.005 seconds, duplicating numbers wouldebd by the
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programdue to rounding by the program. Also, if the time step was 0.01
seconds and the time history function is over 100 seconds long, the
program would only recognizaunbers to the accuracy of 0.1For
example, the program would read 100 until 100.05, and then read 100.05
as 100.1and so forthuntil it reached 101.05. This can cause numerical
error within the program.
1 FB-MultiPier has a memory restriction of 4GB. Thsstoo low for a
dynamic model with many piles and structural members, and causes the
program to crash due to insufficient memory capacity. Increasing the time
step was an option to lower the amount of memory needed for analysis.
BSl is currently in therocess of correcting this memory restriction.
1 Batch mode cannot be used when using the dynamic relaxation option.
The program will not start the dynamic analysis after the static analysis is
completed to use the new stiffness matrix and displacemeB&. is
currently in the process of correcting this issue.
2.5 FHWA LRFD Seismic Analysis and Design of Bridge Foundations

Recently, the FHWA sponsored the revision of GE(Kavazanjian et al.
2011), to include the LRFD guidelines developed by AASHTOIlong with
Kavazanjian et al. (2011), a course was developed (Kavazanjian et al. 2012) that
aims to illustrate the principles and methodologies for LRFD seismic analysis and
design of geotechnical features and structural foundations for bridges
(Kavazanjianet al. 2012). Three design examples were presented to show the

procedures that need to be addressed in the seismic design process in accordance
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with AASHTO specifications for LRFD seismic design (Kavazanjian et al. 2012).
There are several points of ehgsis pertaining to geotechnical considerations
that were addressed in Kavazanjian et al. (2012) document:
1. Development of the acceleration response spectrum for use in structural design,
including adjustment for local site conditions.
2. Deaggregation of theeismic hazard to get the earthquake magnitude for seismic
stability analysis.
3. Evaluation of lateral pile stiffnesgp-fy behavior) for the piles for both the
abutments and the central piers (substructure analysis)
4. Evaluation of vertical pile capacity (inading uplift) and spring stiffness for both
abutment and central pier piles (substructure analysis).
5. Evaluation of the seismic stability of the abutment slope.
6. Evaluate the seismic passive resistance and spring stiffness of the abutment wall.
7. Evaluate liqefaction and lateral spreading potential of slopes at the abutments.
8. Evaluation of the bearing capacity, sliding resistance and spring stiffness of the
pier and abutment footings (if applicable).
All of these points of emphasis are discussed in detail amakanjian et al.

(2011).
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Chapter 3
LITERATURE REVIEW

Chapter 3s a summary of literature to explaileep foundatioireferred to as pile
in this chapterpehavior during an earthquake event. Pile failure modes that are possible
during an earthquakevent are presented and discussed, as well as case histories of past
pile performance during earthquake events. Finally, pile performance and
recommendations are reviewed and discussed for the combined effect of earthquake and
scour.
3.1 Pile Failure Mades

During an earthquakejeepfoundations have the capacity to perform well and
maintain overall stability. However, it is important to understand the different failure
modes a pile can undergo during an earthquake. This allows the engineer toldesign t
proper foundation while accounting for the different failure modescitat occur. Pile
failure can occur in several different ways. The mechanisms of pile faiterghear
forceandflexure failure and excessive settlemeatl of which can be iduced by several
different modes There are two primary categories of pile failure during an earthquake:
(@) pile filure without liquefactiorinduced phenomena and (b) pile failure with
liquefacticn-induced phenomenad\ei et al.2008). A brief descriptin of each category

is presented:
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A) Pile failure with no liquefactioinduced phenomena

1)

2)

3)

Failure due to the inertial force of the superstructure

|l shi hara (1997) described this as the
exerted by the superatture is transferred dowto the upper portion of the pile,
inducing large bending moments at the pile cap and pile head(s). Therefore, most
of the damage and pile failure is located at joints between the pile cap and pile
head or at the top of the pilé/gi et al. 2008).

Failure at the interface of soft and hard soil lay@gi(et al. 2008)

Excessive bending moment and shear force can also develop at the interface of
two distinct soil layers of differing strength (i.e. a large deposit of soft clay over
verydense sand)Wei et al. (2008) also statéisat thep-y curve method, which is
commonly used to determine the response of deep foundations, cannot reflect the
actual situation that occurs between the two soil layers; therefore, careful
consideration andrpper engineering judgment should be used to determine the
most representative response of a deep foundation system in this situation.

Pile settlement due to thixotropy

Thixotropy is a unique phemenon that generally occurs flocculated clagy

soil. Thixotropy is a timedependent process that occurs when the soil is softened
due to remolding of the soil skeleton that is induced by a dyniauiling it then

returns to its original, harder state after the loading is over and the particles
realign (McCarty 2007) Thixotropy of soft soitan occur during an earthquake,
therefore, the axial resistancetbé soil can be greatly reducethich could cause

excessive settlement.
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4)

Retaining wallor embankment near pile foundatioh®g et al. 2008)

Earthquakes an cause retaining watlr embankment failures without the soil
liquefying (i.e. tension cracks, etc.) during and after the event. The soil could
induce large passive pressures on the pile foundation should the soil mobilize,
which could lead to excessibending moment and ultimately structural failure of

the pile.

B) Pile failure with liquefactioninduced phenomena\ei et al. 2008)

1)

2)

Failure without lateral spreading

If the soil liquefies but does not undergo lateral spreading, it can create non
uniform dsstributions in liquefied strength and thickness of the bféi(et al.

2008). The load distribution of the structure can become eccentric which could
lead to differential settlement. However, if the distribution of soil strength and
thickness are unifon, the pile could still fail at the liquefied and nbaguefied

soil interface due to the inertial loading of the structuvei(et al. 2008).

Failure with lateral spreading

Bridges often sparmrivers. The soil profile of these areadten includes
liquefiable sand and silt layers sloping towards the riVéei(et al. 2008). If the
liquefied soil is present below the ground surface, theligoiefiable soil (crust)
above the liquefied layer can place a significant amount of passive pressure on the
pile foundations as the liquefied soil displaces the top layer during liquefaction
(Berrill et al. 2001). This results in increased shear and bending at the pile head
and cap.The lateral and axial resistance of the atsbdrastically decreases, and

the pie can become unstable. The main cause for pile fadwréng an

63



earthquakes thought to be due to lateral spreading around the pile according to a
report published by National Research Cou(ldiRC) Committee on Earthquake
Engineering(1985). They go m to claim that lateral spreading is responsible for
more damage during an earthquake than any other mode of ground failure due to
liquefaction. This failure mechanism is widely accepted and has been used as the
explanation for pile failure in many eartiakes (Bhattacharya 2003).

Another failure mechanism that can develop during an earthquake that does not
necessarily lie within the two categories previously described is pile buckling. Typically,
buckling is accounted for in design by considering: (Esgn very soft clay, (b) during
installation by driving, and (c) partially exposed piles such as offshore platforms or jetties
(Fleming et al., 1992) Recently there has been resea(Bhattacharya et al. (2004),
Knappett and Madabhushi (2005), KimunadaTokimatsu (2005)and Shanker et al.
(2007) suggestingthat this is an important aspect of pile foundation design for
earthquake loading and should be accounted for (Bhattacharya266&)l. Buckling is
only a problem if there is not sufficient leaé restraint to keep the pile from displacing
laterally. This can happen when soil liquefies and the effective stress is zero. The easiest
concept to describe buckling is that the axial design Igaghfast be less than the critical

bucklingloadR. Eul er 6 s f or mu l,®s shbwnas equatioc3dl at i ng P

—0O% .
- 3D

Ca
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where:

P = critical buckling load (kips)

Le# =  effective length of the pile in the liquefiable or soft clay region. See
Figure3.1for an explanation of the different boundary conditions. Sc
designers ray prefer to increase the effective length by a few diamet
to account for imperfect fixity in the ndigquefying layer(Bhattacharya
2003)(in)

E = modulus of elasticity (ksi)
| = crosssectionalarea moment dhertia(in®)
_6‘11—--7\_-_
IHI
—AT8 1
Pile head free \
\\ to translate but ﬁl
: fixed in
Pile head
unrestrained Les= L dwection l
R — [V, - [ R— e e I:Hj:l- _________
‘P A |
I L. 2Lo
Buckling zone / Jl o
Liquefiable layer=Lo |] W (
/ .
L.~ 2Lo A
_________ R e e v v —— —— —— -Ol--ll--ll--lo-¢j —%u—\fu-—u-—
Euler’s buckling of
equivalent pinned strut |
S—‘ Euler’s buckling of
1 equivalent pinned strut
\ .
(a) —'b_--i-/- (b) \©

Figure 3.1. Conceptf@&ffective length of pile for different boundary conditions

The engineer muststimatethe height of the liquefiable layer (or resulting free
length of the pile and the pile headnd tip condition. L.y is also different for each
direction of buckling (longitudinal and transverse). Typically, a drilled shaft embedded

into rock will have an estimated.4of 2 times the free lengt{Figure 3.1(a))(length

(Bhattachary2003).
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from rock line to pile cap) in the longitudinal direction; whereas, in thastrerse
direction, L is most likely the same as the free lenfdiksumed that the pier cap and
column connection isigid [fixed]). For driven piles, a pinned connection is typically
assumed for piles driven to bedrock (small embednsamt)a fixed conection at the pile
head embedded into the footing (Figure 3.1(c)). Therefqgeisl2 times the length of
the pile. However, if stiff soil is in the upper or lower portion of the soil profile, partial
fixity should be considered which would changg. L
3.2 Pile Performance in Liquefied Soiand Soft Clay

The Bhattachary§2003 document was a primary source for pile buckling (see
previous section), past pile performance (case histories) during an earthquake, and
centrifuge testing and should be regel to for further detail.
3.2.1 Case Histories

Pile foundations havieeenknown to have both good and bad performance during
an earthquake evenBhattacharygd2003 presents a summary fifurteencase histories
of pile performance. The pile types inded in the case studies are reinforced concrete
(drilled shafts), prestressed concrete piles, and steel pipe piles. It was not conclusive that
one pile type ouperformed another. They are presented in Table 3.1. There are two
important ratios thaBhattacharyaliscusses that are helpful in the design and selection of
pile types and sizes: 48P (Pqesis the design axial load for the pilahd Les/rmin (@lso
known aseffectiveslenderness ratio)Equation 3.2 shows how to calculatg:r

S (3.2)
0]
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where:
rmn = Minimum radius of gyration of the pile section about any axis of bending
| = minimum crosssectional area moment of inertia’jin
A = area of the pile section @in
Bhattacharyg2003) noted that the p#ethat failed had aJ&/P. ratio between
0.5 and 1.0; héhenhypothesized that a pile having adP. ratio of 0.5 or less would
most likely perform wellduring an earthquake evenBhattacharyaalso hypothesized
that if the effective slenderness matis 50 or less, the pile is likely to perform well.
Thesehypothesesvere based ofourteencase studies presented in Table 3.1. Figure 3.2
shows the slenderness ratio threshold of 50 and the case history values are shown for
comparison. Figure 3.3shows the RdP. thresholds of 0.5 and 1.0 with the case
histories plotted for comparisonit should also be noted that the piles that performed

well in the case histories reviewbdd a RedP. ratio less than 0.1.
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Table 3.1F Summary of pile

performares(after Bhattacharya 2003

Framing Lateral

Case History and L* | Lg** | Pile Action/b*** Lett | Fmin Pges Pe Spreading
Reference (m) | (m) | Section/Type | Value (m (M) | Lewtmin | (MN) | (MN) | PgedP.r | Observed? | Performance
10 storeyHokuriku 0.4m dia
building, 1964 12 | 5 |reinforced | largepiledraft | o1, |5, 077 |12.4 | 0062 | Yes Good
Niigata earthquake, concrete with basement, 1
Hamada (1992) (RCO
Landing bridge, 0.4msquare
1987 Edgecumbe_: 9 4 prestressed | Raked piles, no 5 012 | 17 062 | 139 0.004 | Yes Good
earthquake, Berrill concrete sway frame, 0.5
et al (2001) (PSQ
14 storey building in
American park, Large pile group
1995 Kobe 33 11 2.5m dia and large pile dia,| 11 0.63 | 19 18 3915 | 0.005 | Yes Good
earthaqiake, RCC

. 1.0
Tokimatsu et al
(1996)
Eggﬁtilh'gg]s Kobe 0.66m Large piled raft

pital, 30 | 6.2 | dia Steel with basement, | 6.2 | 0.23 | 27 3 91 0.033 | No Good
earthquake, Soga tube 10
(1997) '
Hanshin expressway
pier, 1995 Kobe 1.5m dia Small group (22
earthquake, Ishihara 41 | 15.9 RCC piles), 1.0 15.9 | 0.38 | 42 14 305 0.046 | Yes Good
(1997)
LPG tank 101, Kobe 1.1m dia Large piled raft
earthquake, Ishiharg 27 | 15 | & gep ' |15 |0.28 |53 41 |79 |0052 | Yes Good

RCC 1.0

(1997)
N.H.K building, Groups tied by
1964 Niigata 0.35m dia flexible beam,
carthquake, Hamad 12 | 9.3 RCC Less embedment 18.6 | 0.09 | 207 0.43 | 0.52 |0.827 | Yes Poor

(1992)

at pile tip, 2.0
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Table 3.11 Summary of pile performancesontinued) (afteBhattacharya 2003

Framing Lateral
Case History and | L* Lo** | Pile Action/b*** Lett | Fmin Pges P Spreading
Reference (m) | (m) Section/Type | Value (m) | (M) | Lewrmn | (MN) | (MN) | PgedPs | Observed? | Performance
NFCH building, Groups tied by
1964 Niigata 0.35m dia flexible beam,
carthquake, 9 7 RCC hollow Less embedment 14 | 0.10 | 140 0.29 |0.82 |0.354 Yes Poor
Hamada (1992) at pile tip, 2.0
Showa bridge, 1964 . .
Niigata earthquake,| 25 | 19 ,?ug;n dia Steel A\"?Sngéeorow of 38 [0.22 | 181 096 |11 0.873 Yes Poor
Hamada (1992) plies, <.
Yachiyo Bridge,
1964 Niigata 11 |8 |0.3mdiarcc| 'Solatedfooting, | 5 | 565|200 | 034 [039 |0872 |Yes Poor
earthquake, 2.0
Hamada (1992)
Gaiko Ware House,
1983 Chubu 18 |14 | 0.6mdiaPSC| Isolatediooting, | 55 | (16 | 175 147 | 161 |0913 |Yes Poor
earthquake, hollow 2.0
Hamada (1992)
4 storey fire house,
1995 Kobe Groups tied b 16
earthquake, 30 | 16.4 | 0.4mdia PSC P y " 10.10 | 161 0.89 |1.15 |0.774 Yes Poor
X beam, 1.0 4
Tokimatsu et al
(1996)
3 storied building at
Fukae, 1995 Kobe . .
earthquake, 20 |16 |0:4mdiaPSC ) Groupstiedby |16 |15 | 133 072 102 [0.706 | Yes Poor
. hollow beam, 1.0
Tokimatsu et al
(1998)
LPG tank 106,107
1995Kobe |5, |45 | 03mdiaRCC] Groupstiedby |5 | og | 157 0.46 |0.38 |1211 |No Poor
earthquake, Ishihar hollow beam, 1.0
(1997)

*L = Length of the pile;

**|y = Length of pile in liquefiable region/bucking zone;
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3.2.2 Centrifuge Testing

To verify that a RdPc ratio of 0.5 or less and a slenderness ratio of 50 or less
would indicate good pile performance during an earthqu&teattacharya(2003)
conducted a series of centrifuge tests with different control parameters and soil
conditions. Figure 3.4 shows the sap for the centrifuge test.Table 32 shows the
properties of the model (one used in the centrifuge tests) and prototypeTpikesiodel
pile was 7 times stronger than an equivalent concrete pile and 1.5 times stronger than an

equivalent steel pile in terms of plastic momeng)XM

Package at 50-g

=]
=
..E ~
e
B
Arm of the centrifuge 25
)
¢ O =
=7
£y
S =
e 0
-p— c
(=l
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centrifuge
4 } Package at1-g
L

Figure 3.4. Schematic dbrcesacting on themodelpile (Bhattachary2003)
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Table 3271 Properies of the mdel andorototypepile (Bhattachary2003)

Properties Model Prototype Section (56g)
Material Aluminium Alloy (Dural) Aluminium Alloy (Dural)
E (Young's Modulus) 70 GPa 70 GPa

Outside Diameter 9.3 mm 465 mm

Inside Diameter 8.5 mm 425 mm

I'min Of the ction 3.1 mm 155 mm

Yield Stress 250 MPa 250 MPa

Plastic Moment 8175 Nmm 8175 x 53 = 1021.8kNm
Capacity (M)

El of the Section 7.77 x 16 Nmn? 7.77x 10 inﬁ;; 48.6x 10

The centrifuge test results verified the hypoth&hattacharya(2003) proposed
for pile performance criteria based on thgdPc ratio, which was based on the case
histories presented in section 3.2.1. Figure 3.5 presentseshéis of the centrifuge
testing Table 33 also shows the results of each pitgfprmance during the tests. Test
SB-05 was not included because the results were identical to te84.SBt was not
conclusive that thelendernessatio has a direct effect on the pile performance. This is
clear when comparing Pile 3 to Piles5,and 6, as thelendernesgatio of Pile 3 is less
than that of Piles 4, 5, and but still failed during the centrifuge testHowever, Pile 9
had aslendernessatio less than 50 (29) and did not faiNote that B, also takes into
account the axial loadpplied to the colummand L, whereas the slenderness ratio is
based solely on geometry of the column. However, the slenderness ratio could still be

used as a guide to determine shaft, column, or pile section.
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Figure 3.5. Schematiepresentation dhe centrifuge éstresults(Bhattachary2003)
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Table 3371 Performance of the piles during the centrifuggd(Bhattachary2003)

. Head | Max

Test ID ITge Mass | Load P (l\illil) I(_I_e;f/rmin) P/Pcr | Remarks
ka) | (N)
_ Failed at 40

1] 19| 768 | 79 '('fﬂ) 355mMM |5 97 | gduring
SB-02 swing up
Pile length L . =350 Failed at 42
=160mm | o | 156 | 642 65 | o= 9UMM | 9 01 | gduring
Fmin =3.1mMm (113) swing up
A=0.7 mnt Lett = 345mm Failed during

eff —

3 1.26 617 63 (111) 0.97 earthquake
SB-03 Lett = 372mm Did not
Pile length | % | 060 294 | 263 [ 150 050 | collapse
=180mm Leff = 370mm Did not
3amm| ® | 045 | 220 19.7 (119) 0.35 collapse
A=112 Lest = 370mm Did not
e 6 | 0.23| 113 10.1 (119) 0.22 collapse
SB-04 Lett = 420mm Failed during
Pile length ! 1.25 610 4.5 (135) 1.04 earthquake
=180mm Lets = 445mm Failed during
Imin = 8 | 178 872 /8 (144) 1.48 earthquake
3.1mm _ :
A=112 9 | 468 | 2249 | 201 '('295)‘ 0mm | 55 Eéﬂ;‘;te
mn P
SB-06 Lest = 445mm Failed during
Pile length 10| 1.50 735 65.6 (144) 1.25 earthquake
= 18_Omm 11 | 055 269 24 Les = 370mm 0.46 Did not
Fmin = (119) collapse
3.1mm _ , .
A=112 | 12 | 090 | 441 | 39.4 |Ler=378mm | 4 og | Failed during
M, (122) earthquake
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3.3 Pile Performance under the combined Effect of Earthquake and Scour

The combined e#ct of floodinduced scour and earthquake hazards is a complex
problem. There are three components of scoursiatild be considered: (a) lotgrm
aggradation and degradation, (b) contraction scour, and (c) local $g8basr( et al.
2003. Aggradationand degradation is lorgrm elevation change due deposition or
erosion & the streambed of the waterwagontraction scour is oftenué to the bridge
embankments constring the main charel (causes water to acceleratd)ocal scour
occurs when thevater around the bridge piers accelesate concurrence with rising
water levels (Ghosn et al. 2003).

Because of the uncertainty of when an earthquake will occur, it is possible that the
soil could scour around a bridge before or even during an earthguake of the major
guestions is how much scour to account for during the design process. If the insitu soil is
susceptible to scour, the lateral stiffness of the foundation can be significantly reduced by
the lack of soil resistance. Howevescour canpossibly reduce the applied inertial
forces, which could also reduce the demand for lateral capacity (Ghosn et al. 2003). This
means that scour has the potential to be both harmful and beneficial to bridge response
during an earthquakéherefore, it ismportant to check different scenarios.

In Ghosn et al. (2003), the authors suggest using a scour factor of 0.25 (25% of
the maximum anticipated scour depth be used in design) when combining scour and
earthquake events. This was based on the facthtbanertial forces are partially offset
by the reduction in soil resistance capacity due to scour. They presented the following
load combination:

Extreme Event VI: 1.25DC + 1.00EQ;
0.25SC
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where:

DC = Dead Load
EQ = Earthquake Load
SC = Design Scar Depth

The second recommendation they provide is to design the foundations so that they
are twice the length of the scour depth. This recommendation attempts to ensure that the
resistance capacity needed to resist an earthquake event will not bedrdmilow the
demand. However, some instances may necessitate longer foundation lengths, and this
recommendation should be a minimum controlling factor when considering scour in

design. It should be noted that the design scour depth used in the Ghbg2@@3) is

based orRichardson and Davi{d995).
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Chapter 4
MODEL GENERATION

Five bridge piers were modeled in FB/ultiPier to evaluate the response to
seismic loading. Eagbierwas modeled using a bridge design provided by ALDOT. All
of thee bridges have been built and are in use in the state of Alabama. Eachidridge
located in a different county; therefore, each bridge will be referred to by the county
name. Figure 4.1 shows the locations of the bridges throughout the state. For each
bridge, the middle bridge pievas used for the response analysis. A representative soil
profile was developed using the lower bound of the boring log (&&& Nvalues) In
some instances, multiple boring logs were taken at the same bent locati@ntheutight
and left of the centerline of the bridge. In this case, both boring logs were used to
develop the profile by taking the lower bound of each layer (if layer matching between
boring logs was relatively good). Before the bridge piers were nudeleB-MultiPier,
the soil profiles were developed. Soil layer type and elevation, water table elevation, and
soil properties were all recorded in a spreadsheet, along with the type of lateral, axial,
torsional, and tip models used in fBultiPier.

It was determined that the abutments cannot be used to resist longitudinal
displacements because the gap between the girders and the abutment walls are 4 inches or
greater for each bridge. This gap prevents the use of the passive earth pressure behind

the ab@ment wall from mobilizing in a seismic event, which would provide longitudinal

2 pier and bent have the same meaning in this document and are used interchangeably throughout.
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resistance. If integral abutments are used, the passive pressure could be relied on to resist

longitudinal displacements.

Counties
8 o o - Ll L -~
wl T I | \ T jTEesE I , T I e
U -
apl-  MIBHSEIPP e E
- o
-1
= — 7 ] | [ / \ —3*
FLORIDA
wosiLe  maLDWIN
' H -- Bridge with H-Pile Foundations
@ -- Bridge with Drilled Shaft Foundations
iy < g
-] = Boundaries as of January 1, 1990
1 1 1 ]
a8 E Tl L4 L
U.S. DEPARTMENT OF COMMERCE (Economics and Siafistics Adminisiration  Bureau of the Census.
MAPS ALABAMA G-t

Figure 4.1. Map of Alabama Counties with bridgedtiongmodified after Yellow Maps
2010)
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4.1 Time-History Events

Tentime-history events were used in the analysis and can be found in Appendix
A. These original timénistory events are records of fréeld ground acceleration versus
time of an actueearthquake eventThe original timehistory events were modified using
scale factors to represent an earthquake that would be typical in Alabama. There were
two different scale factors used for each tim&tory, North and North Maximum
Considered Edmguake (NMCE). For further detail regarding the modification factors
and development of the time history events used, see Panzer (2013). Each one was
applied longitudinally and transversely separately for each bridge case. Figure 4.2 shows
the scaledCoalinga North timehistory event used in dynamic analysis. See Appendix A
for all of thescaledtime-history events. All timénistory events included 2B0 seconds
of time when acceleration is equal to zafter the strong shakingThis is to show the
bridge response after the event. Table 4.1 shows the time steps used for every time
history for each model. The Lee County time step had to be increased due to the file size
limitations for the output files.

Table 4.1 Time steps used for each tirhestory for each model

Time Step used (sec)
Chambers|Etowah [Franklin| Lee |Marshall
Coalinga North 0.01 0.01 0.01 ]1003] 0.01
Imperial Valley NMCE and North| 0.01 0.01 0.01 ] 0.03 0.01
Kobe NMCE and North 0.01 0.01 0.01 0.03 0.01
Kocaeli NMCE and North 0.01 0.01 0.01 0.04 0.01
Kocaeli2 NMCE and North 0.01 0.01 0.01 0.02 0.01
Landers NMCE and North 0.02 0.02 002 |10.04| 0.02
LSM North 0.01 0.01 0.01 0.04 0.01
NPS North 0.01 0.01 0.01 0.02 0.01
SanFernando NMCE and North 0.01 0.01 0.01 0.03 0.01
SanFernando2 NMCE and North 0.01 0.01 0.01 0.03 0.01
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Figure 4.2. Scaled Coalinga North earthquake{mséory event

4.2 Dynamic Analysis Options Usedwithin FB -MultiPier
4.2.1 Dynamic Analysis Method Used

Time-history analysis was used to evaluate the dynamic structural respohse of t
bridge piers modeled. There are three time stepping options available: average
acceleration (Newmark), linear acceleration (Newmark), and Wisornrhe average
accelerationoption was used because it is typically more stable from a computational
stangboint, and is one of the most effective and popular implicit techniques used for
structural dynamic problems (Hughes and Belytschko 1983).
4.2.2 Damping Analysis

For each model, Eigenvector analysis was conducted usiid&EB t i Pi er 6 s mc

analysis optin to determine the natural period and the circular frequency of the pier.
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Then, a classic sine wave tirhestory curve was developed for each model amdusing
the Rayleigh damping factor values for the pier previously shown in Table 2.17. Mass
and siffness damping factors for the piles and soil were ignored in this analysis for
simplicity (and consistency) and due to lack of information regarding cyclic response of
the soil for each case history. This approach was accepted as reasonable begause it i
conservative to ignore the damping effects of the soil and piles. However, it was noticed
that if zero is entered into any one of the six input boxes of the mass and stiffness
damping factors, Rayleigh damping would not be considered at all withinrdlgeam
analysis. Therefore, a low mass and stiffness factor of 0.000001 was applied to both the
piles and soil.

The displacement at the top of the pier versus time was plotted and the damping
was calculated using the peak displacements that occurredhenamplitude of the sine
wave timehistory curve was zero. The sine wave curves were plotted so that the bridge
would go through three cycles (timen[secondsof three times the structural period) of
the sine wave, then a circular frequency of zers mé&roduced for roughly 10 seconds.
The equations used to develop the sine wave-hisi@ry curve and damping factors are
shown as equations 4.1 and 4.2.

) OKTo (4.1)

z —I = (4.2)
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where:

calculated acceleration used in the tihstory function
circular frequency
time in seconds
calculated damping ratio
number of peak after the first initial peak when acceleration is equal
zero
0 = displacement recorded the first initial peak when acceleration is equi
to zero
0 = displacement recorded at tffggeak when acceleration is equal to zert

N O
|

The calculated dampingtios for four of the six bridge piers weaét within 1-
4%; therefore, for simptity, the initial damping factors were used for the dynamic
analysis. The Marshall county bridge was not included because the damping ratios were
extremely high. This is believed to be because of the large strut that is used to connect
the columns of théent. Figure 4.3 and 4.4 show Chambers Colf6 scoursine
wave and displacement versus time at the top of the pier respectively in the longitudinal
direction. Figure 4.5 and 4.6 show the Marshall County sine wave and displacement
versus time at théop of the pier respectively in the longitudinal direction to show
contrast between the two. Refer to Appendix B for the results of each bridge for damping
analysis. Table 4.2 shows the average calculated damping factors for both the

longitudinal and trasverse directions respectively for each bridge.
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Table 4.2° Frequency, structural period, and calculated average damping ratios for each

bridge
Longitudinal Transverse
Frequency | Period | Percent | Frequency | Period | Percent
Bridge (rad/sec) | (sec) | Damping | (rad/sec) | (sec) | Damping

Chambers 25% 6.454 0.974 | 0.25% 11.455 0.549 0.2%

Chambers100% 5.935 1.059 | 3.96% 10.724 0.586 | 3.18%

Etowah 4.307 1.459 | 2.14% 7.551 0.832 | 1.70%
Franklin 7.566 0.83 2.1% 12.725 0.494 1.2%
Lee 5.492 1.144 | 1.92% 8.958 0.701 | 2.82%
Marshall 2.483 2.531 N/A 0.707 0.889 N/A

4.3 Dead Load and Discrete Mass

Dead load and discrete masses were applied to each direct analysis model. This
was done to accotifor theweight of the bridge deck and girders. Factored live load was
not taken into account for this analysis. Dead loads were calculated based on typical
cross sections given and te&ndardunit weight of normalweight, reinforcegdoncrete
(150 pcf) The discrete masses were calculated using the weimght divided by the
acceleration of gravity (386.2 in/Sgc The dead load was applied in the z (vertical)
direction and the discrete masses were applied in the x and y (horizontal) direction
becausevertical acceleration was not used for the case studié® deadweight was
applied to each bearing pad location, whereas the discrete masses were applied in
between the bearing pad locations. The bearing pad locatemesaken from the center
line of each girder in the typical cross section provided in the subsequent sections for
each case study. Therefore, the dead load used to calculate each discrete mass was the
combination of the loads on each bearing pad. The reason for applying dead loads at

each bearing pad is because in some cases, the spans supported by the bent were different
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lengths and therefore the dead load applied to the pads would be different on each side of
the bent. Table 4.3presents the dead loads and discrete masses usaglicrase study.

Table 4.3 Dead load and discrete masses used for each case study

Bearing Pad | Left Bearing | Discrete Mass| Right Bearing
Location Pad (kips) | (kip-seé/in) Pad (kips)
Chambers County
Exterior 65 0.34 65
Interior (for all) 60 0.31 60
Exterior 65 0.34 65
Etowah County
Exterior 130 0.67 116
Interior (for all) 105 0.54 82
Exterior 130 0.67 116
Franklin County
Exterior 125 0.65 125
Interior (for all) 100 0.52 100
Exterior 125 0.65 125
Lee County
Exterior 120 0.62 120
Interior (fo r all) 100 0.52 100
Exterior 120 0.62 120
Marshall County
Exterior 120 0.62 120
Interior (for all) 110 0.57 110
Exterior 120 0.62 120

4.4Chambers County
4.4.1 Background Information

The Chambers County Bridge a bridge replacement project ovesdlgee
Creek. The total bridge span is 240 ft and rests on two abutments and two central piers.
It is not skewed and has a total roadway width of 32 ft and 9 in. See Figure 4.7 and 4.8
for the plan and elevation views and the bridge deck cross seGt@nfoundations used
for both the abutments and piers are drilled shafts. Because the abutments were not

modeled, they are not discussed. Bent 3 was modeled-MufiBRier. Bent 2 and 3 are

built the same but with slightly different tip elevatioridoth have similar soil conditions.
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Bent 3 consists of a pier cap and two shafts. The shafts are 3.5 ft in diameter with twelve
No. 11 longitudinal reinforcing bars. Figure 4.9, 4.10, and 4.11 show Bent 3 elevation

view, the shaft crossection, and thpier cap cross section respectively.
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Figure 4.8. Chambers County typical bridge deck cross sd&ldnOT 2008)
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