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Learning Outcomes

Brief history of the development of AASHTO
design live load

Overview of the basics of reliability based
specifications

Overview of research on service limit state
calibration

Overview of course learning outcomes
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A Brief History of AASHTO LRFD

» 1931 — First printed version of AASHO Standard
Specifications for Highway Bridges and Incidental
Structures using working stress design

* 1970s AASHO becomes AASHTO (1990s AREA
becomes AREMA)

» Early 1970s AASHTO adopts LFD

» Late 1970s OMTC starts work on limit-states
based OHBDC

» 1986 AASHTO explores need to change

A Brief History of AASHTO LRFD

(continued)
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Live Load Continued to be

Debated

» Late 1960s — H40, HS25 and HS30 discussed
+ 1969
— SCOBS states unanimous opposition to
increasing weight of design truck — “wasteful
obsolescence” of existing bridges
» 1978 — HS25 proposed again
» 1979 — HS25 proposed once again
— Commentary: Need for heavier design load
seems unavoidable
— HS25 best present solution
— 5% cost penalty
— Motion soundly defeated

LRFD Design Code Objectives

In 1986, work started on AASHTO LRFD,

specifications requirements:

» Technically state-of-the-art specification

« Comprehensive as possible

» Readable and easy to use

» Keep specification-type wording — do not
develop a textbook

« Encourage a multi-disciplinary approach to
bridge design

Lesson 1



Major Changes

* A new philosophy of safety - LRFD

* The identification of four limit states

» The relationship of the selected reliability
level, the load and resistance factors,
and load models through the process of
calibration
— New load factors
— New resistance factors

LRFD - Basic Design Concept
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Load and Resistance Factor

Design

zniViQiS(I) anRr
in which:
* M= Mp Nr N, = 0.95 for loads for max
= 1/(n, np nr) < 1.0 for loads for min
where:

* v;= load factor: a statistically based
multiplier on force effects

» ¢ = resistance factor: a statistically based
multiplier applied to nominal resistance

LRFD (Continued)

*mn, = load modifier

* np = a factor relating to ductility

* ng = a factor relating to redundancy

*m, = afactorrelating to
importance

« Q = nominal force effect: a
deformation stress, or stress
resultant

* R, = nominal resistance

+ R, = factored resistance: ¢R,

Lesson 1
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Reliability of Bridges before and after

LRFD (Strength Limit State)
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* Revised calculation of load distribution
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Major Changes

* New Live Load Model — HL93
* New live load distribution factors
* Revised methods of analysis and design

Exclusion/HS20 Truck or Lane or

2 — 25 Kkips Axles @ 4 ft.
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Selected Notional Design Load
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Why New Research Was Needed

* The original AASHTO LRFD live-load study was based
on load measurements made in the 1970s in Ontario.
How does this relate to today’s loads?

» The specifications were calibrated for the strength limit
state where the definition of failure is relatively simple: If
the factored loads exceed the factored resistance,
failure, i.e. severe distress or collapse, will take place.

What about service limit state and what is failure under
service limit states?

Where Did We Go From Here“?

Two projects were initiated to calibrate the service

limit state

+ SHRP2 R19B, Bridge for Service Life Beyond
100 Years: Service Limit State Design (SLS)

« NCHRP 12-83, Calibration of Service Limit State
for Concrete

Lesson 1



Research Teams

R19B Research Team
Modjeski and Masters, Inc.: John Kulicki, Ph.D., P.E.
Wagdy Wassef, Ph.D., P.E.

University of Delaware: Dennis Mertz, Ph.D., P.E.
University of Nebraska: Andy Nowak, Ph.D.
NCS Consultants: Naresh Samtani, Ph.D., P.E.

NCHRP 12-83 Research Team

Modjeski and Masters, Inc.: Wagdy Wassef, Ph.D., P.E.
John Kulicki, Ph.D., P.E.

University of Delaware: Dennis Mertz, Ph.D., P.E.

University of Nebraska: Andy Nowak, Ph.D.

Rutgers University: Hani Nasif, Ph.D., P.E.

R19B & NCHRP 12-83 Research

Objectives

* |dentify service limit states in the then-current
specifications.

+ |dentify new service limit states required to cover
aspects of design not currently covered by the design
specifications.

» Develop the methodology for service limit state
calibration. The process should allow future updates
and, where, applicable, user input of region-specific
information.

» Where adequate information related to a certain limit
state exists, calibrate the limit state.

Lesson 1
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Training Course Objectives

Introducing the research from R19B and NCHRP 12-83
and including:

Provide the background of the calibration process

Introduce the difference between strength and service
limit states calibration

Introduce different types of service limit states (Drivers
and reversibility)

Provide an overview of live load WIM data studies for the
calibration

Provide an overview of the calibration of service limit
states in the specifications with emphasis on foundations

Provided an overview of specifications revisions related
to service limit states calibration

Lesson 1
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Learning Outcomes

e Gain knowledge of the history of AASHTO
Bridge Design Specifications

e Understand the following concepts:
- Limit states
- General calibration process

— History of incorporation of calibrated limit
states in bridge design specifications

- Strength vs. Service calibration

Lesson 2
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Learning Outcomes (continued

e Understand the following concepts (continued):
- Reversible vs. non-reversible limit states
- Load-driven vs. non-load-driven limit state
e Service Limit States Calibration Process

A Brief History of AASHTO LRFD

* 1931 — First printed version of AASHO Standard
Specifications for Highway Bridges and Incidental
Structures using working stress design

* 1970s — AASHO becomes AASHTO (1990s AREA
becomes AREMA)

» Early 1970s — AASHTO adopts LFD

+ Late 1970s — OMTC starts work on limit-states based
OHBDC

* 1979 — First edition of OHBDC
+ 1986 — AASHTO explores need to change

Lesson 2



A Brief History of AASHTO LRFD

(continued)

* In 1986, work started on AASHTO LRFD
 First edition published in 1994

* Mainly, the strength limit state was
statistically calibrated

A Brief History of AASHTO LRFD

(continued)

Live Load —
1944 HS 20 Design Truck Added
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A Brief History of AASHTO LRFD

(continued)

Live Load continued to be debated:
+ Late 60s — H40, HS25 and HS30 discussed
+ 1969 — SCOBS states unanimous opposition to
increasing weight of design truck — “wasteful
obsolescence” of existing bridges
» 1978 — HS25 proposed again
* 1979 — HS25 considered again
- Commentary:
= Need for heavier design load seems
unavoidable
» HS25 best present solution
» 5% cost penalty
= Motion soundly defeated

Calibration Approaches

* Full probability approach preferred
» Semi-probabilistic partial factor approach
» Deemed to satisfy

So far, full probability approach is limited to
Chloride ion penetration.

Lesson 2
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Major Features of AASHTO LRFD

* A new philosophy of safety - LRFD
* The identification of four limit states

» The relationship of the selected reliability
level, the load and resistance factors,
and load models through the process of
calibration

- New load factors
- New resistance factors

Basic Concepts

The following slides will provide the definition
of the basic concepts used in specifications
calibration, particularly, service limit state
calibration.

Lesson 2



Limit States

¢ A limit state is a condition of a structure
beyond which it no longer fulfills the
relevant design criteria.

¢ The condition may refer to a degree of
loading or other actions on the structure

e The criteria refer to structural integrity,
fitness for use, durability or other design
requirements.

Limit States (continued)

e AASHTO LRFD includes four basic limit
states:

Strength (Five load combinations)
Service (Four load combinations)

Fatigue and Fracture (Two load
combinations)

Extreme event (Two load combinations)

Each load combination is meant to address
the structure under a certain load or other
condition.

Lesson 2



Limit States (continued)

e AASHTO LRFD strength limit state load
combinations

ol Use One of These at a Time

DD

Dw

EH

EV LL

ES M

EL CE

Load Ps BR
Combination | CR PL
Limit State SH LS WA WS | WL FR TU TG | SE EQ BL IC T cr
Strength | tp 1.75 1.00 1.00 | 0.50/1.20 | yre | vse
(unless noted)
Strength 11 v, | 135 | 1.00 1.00 | 0.50/1.20 | vro | s
Strength 111 Y — o0 ] 14 100 | 0.50/1.20 | vrg | vse
0
Strength IV % 1.00 1.00 | 0.50/1.20
Strength V e 135 | 100 | 04 | 1.0 | LOO | 0.50/.20 | yro | Yse
[1]
13

Service Limit States in AASHTO

LRFD

“General” Service Limit States (SLS):

* Live load deflections
* Bearings-movements and service forces
» Settlement of foundations and walls

Lesson 2
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Service Limit States in AASHTO

LRFD (continued)

Steel SLS

* Permanent deformations in compact steel
components

» Fatigue of structural steel, steel
reinforcement and concrete (through its
own limit state)

« Slip of slip — critical bolted connections

Service Limit States in AASHTO

LRFD (continued)

Steel SLS

» Stresses in prestressed concrete under
service loads

» Crack control reinforcement
» Shrinkage and temperature reinforcement
+ Splitting reinforcement

Lesson 2



LRFD - Basic Calibration Concept

LOADS (Q)

(Y-9Q,* A-PR,

RESISTANCE (R)

R,Q

Some Algebra

TG (R-Q)
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Load and Resistance Factor

Design

ZniYiQisd) Rn=Rr
in which:
* M= Mp Nk N = 0.95 for loads for which max
value is appropriate

* 1= 1/(m; np nr) < 1.0 for loads for which
min value is appropriate

where:

* v;= load factor: a statistically-based
multiplier on force effects

* ¢ = resistance factor: a statistically-based
multiplier applied to nominal resistance

LRFD (continued)

*mn, = load modifier

* np = a factor relating to ductility

* ng = a factor relating to redundancy

* m, = afactor relating to importance

« Q = nominal force effect: a deformation
stress, or stress resultant

* R, = nominal resistance

+ R, = factored resistance: ¢R,

Lesson 2
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Reliability Calculations for

Strength

Reliability index analysis for AASHTO LRFD was
done for M and V using simulated bridges based on
real bridges.

» 25 non-composite steel girder bridge simulations
with spans of 30, 60, 90,120,and 200 feet, and
spacing of 4, 6, 8, 10,and 12 feet.

» Composite steel girder bridges having the same
parameters identified above.

* P/C |-beam bridges with the same parameters
identified above.

* R/C T-beam bridges with spans of 30, 60, 90, and
120 feet, with spacing as above.

Reliability Calculations for

Strength (continued)

« Different combinations for load and
resistance factors for the basic strength
load combination were attempted.

The combination with the most uniform
reliability index was selected.

» Other strength load combinations were
analyzed to the extent possible.

Lesson 2
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Reliability of Bridges before and afte

LRFD (Strength Limit State)

RELIABILITY INDICES RELIABILITY INDICES
1989 AASHTO PROPOSED - PRELIM
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RELIABILITY INDEX
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Other Reliability-Based

Specifications

Ontario Highway Bridge Design Code (OHBDC)
(Later adopted as Canadian Highway Bridge
Design Code, OHBDC)

Eurocode
BS 5400
Japanese Geotechnical

24
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Other Reliability-Based

Specifications (continued)

« Common characteristics of different
specifications

- Specifications are similar to LRFD in that the
main limit state calibrated is the strength limit
state.

- Different specifications treat basically similar
issues.

- The service limit states-related provisions in the
Eurocode seem to have been calibrated using
the Delphi Process (explained later) and
engineering judgment.

25

Why SLS Calibration is Lagging

« Difficulty to define the “failure” criteria and
consequences of failure

» Lack of adequate information on the
performance

In some cases, the lack of information requires the
use of the “Delphi Process.”

Lesson 2
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What is a “Delphi Process”?

+ Relatively structured process to synthesize
fragmented knowledge

* Pools knowledge and experience of experts to:
- Define the playing field
- See if what we have is working — satisfaction
level
- Look for knowledge gaps

Why Delphi is Needed for

Some Service Limit States

+ Compensates for lack of useful data on SLS

» Subjective features benefit from consensus on
- Significance of the limit state
- Exceedance rate

Lesson 2
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Strength Vs. Service Calibration

Crtora ——Jatngn ———Jsarvs

Consequences The bridge or,
of exceedence more likely, a

component of the

bridge will
collapse or will
be severely
damaged.

The comfort of
the users will be
affected and/or
the deterioration
of the affected
components will
accelerate.

29

Strength Vs. Service Calibration
(continued)

Crtoria—[swongtn ——Jsarvieo

Frequency of
exceedence

The possibility of
exceeding the limit
state during the life
span of the bridge
should be very low.

Frequency of
exceedence
varies based on
the consequences
of exceeding the
limit state.

30

Lesson 2
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Strength Vs. Service Calibration
(continued)

Crora—singth————Jsorics

What are we Severe damage
trying to stop that may lead to

failure or collapse
of bridge
components that
will lead to loss of
service and/or loss
of life.

Damage that may
cause user
discomfort, visible
distress, and/or
accelerate
deterioration.

31

Strength Vs. Service Calibration
(continued)

Crtoria—[swongtn ——Jsarvieo

Target
Reliability

Target reliability is
high to prevent loss
of structure, its
use, and loss of
life.

Target reliability
needs to be high
enough to
minimize the
effects of
exceeding the
limit state.

32
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Reversible Vs Non-Reversible

* Reversible limit states are those that no
residual effects remain once the driver of the
limit state is removed.

Example: Decompression of prestressed girders
under Service Il limit state.

* Non-reversible limit states are those that
residual effects remain once the driver of the
limit state is removed.

Example: Yield of steel components under
Service Il load combination.

33

Reversible Vs Non-reversible

(continued)

* Frequency of exceedence for non-reversible
limit states should be kept low while higher
frequency of exceedence of reversible limit
states may be acceptable.

34
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Load-Driven Vs. Non-Load-Driven

« Some service limit states are directly related to
applied loads.

Examples:
- Stresses in prestressed concrete under
service loads
- Crack control reinforcement
» Such limit states are amenable to statistical
calibration if adequate information on the

statistical variation in the loads and resistance is
available.

35

Load-Driven Vs. Non-Load-Driven

(continued)

« Some service limit states are not directly related
to applied loads.

Examples:
- Temperature and shrinkage reinforcement
- Splitting reinforcement

» Such limit states are not amenable to statistical
calibration using available information due to the
lack of statistical information on the distribution
of associated forces and the resistances.

36
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Overview of SLS Calibration

Procedure

« Step 1: Formulate the Limit State Function and
identify basic variables

- ldentify the load and resistance parameters
- Formulate the limit state function
- Establish the acceptability criteria

In most cases, it was not possible to select a
deterministic boundary between what is acceptable
and unacceptable.

Some code-specified limit state functions do not have
a physical meaning (e.g. allowable compression
stress in concrete).

Overview of SLS Calibration

Procedure (continued)

« Step 2: Identify and select representative
structural types and design cases
- Select the representative components and

structures to be considered in the development of
code provisions for the SLSs.

Lesson 2
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Overview of SLS Calibration

Procedure (continued)

« Step 3: Determine load and resistance

parameters for the selected design cases

- Identify the design parameters based on typical
structural types, loads, and locations (climate,
exposure).

- For each considered element and structure,
values of typical load components must be
determined.

Overview of SLS Calibration

Procedure (continued)

» Step 4: Develop statistical models for Load and
Resistance
- Gather statistical information about:

= Performance of considered types and models in
selected representative locations and traffic.

* |Information about quality of workmanship.
Ideally, for given location and traffic, including:

v' General assessment of performance,
v Assumed time to initiation of deterioration,

v" Assumed deterioration rate as a function of
time, maintenance, and repair (frequency and
extent).

Lesson 2
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Overview of SLS Calibration

Procedure (continued)

+ Step 4 (continued):

- Develop statistical load and resistance models
(as a minimum, determine the bias factors and
coefficients of variation).

Load and resistance parameters should include
magnitude, as is the case with strength limit
states, but also include frequency of occurrence
(e.g. crack opening) and as a function of time (e.g.
corrosion rate, chloride penetration rate).

The available statistical parameters were utilized.

However, the database is rather limited, and for some

serviceability limit states, there is a need to assess,
develop, and/or derive the statistical parameters.)

Overview of SLS Calibration

Procedure (continued)

« Step 5: Develop the Reliability Analysis
Procedure
- The reliability can be calculated using either a

closed-form formula or Monte Carlo method.
Typically, the latter is used.

Lesson 2
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Overview of SLS Calibration

Procedure (continued)

« Step 6: Calculate the Reliability Indices for
current design code and current practice
« Step 7: Review the results and select the Target
Reliability Index, B+
- Based on the calculated reliability indices, select
the target reliability index, B

- Select the acceptability criteria, i.e., performance
parameters, that are acceptable, and performance
parameters that are not acceptable.

Overview of SLS Calibration

Procedure (continued)

» Step 8: Select a set of potential Load and
Resistance Factors

- Selected design parameters (load and
resistance factors) should meet the
acceptability criteria for the considered
design situations (location and traffic).

— Selected design parameters should provide
reliability that is consistent, uniform, and
conceivably close to the target level.

Lesson 2 22



Overview of SLS Calibration

Procedure (continued)

« Step 9: Calculate Reliability Indices

— Calculate the reliability indices
corresponding to the recommended set of
load and resistance factors for verification.

— If the design parameters do not provide
consistent safety levels, modify the
parameters and repeat Step 8.

Overview of SLS Calibration

Procedure (continued)

* The nine steps above are the basic steps.

« Some modifications were applied to
accommodate specifics of different limit states.

Lesson 2 23



Key Points

Service calibration differs from strength
calibration.

Level of reliability varies with
consequences.

Sufficient information needed for SLS
calibration not available for all limit states.

A general calibration process has been
developed but may need revisions to fit
individual limit states.

47
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Learning Outcomes

¢ Knowledge of the history of AASHTO Live Loads

e Knowledge of the Live Load used for AASHTO LRFD
calibration in late 90s

e Knowledge of Weigh-in-Motion (WIM) data issues
- Data collections
- Quality of data
- Filtering
- Use of results

Lesson 3
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Learning Outcomes

(continued)

e Application of WIM data in determining:
- Multiple Presence factor

- Live Load model for strength and service limit
states

- Live Load for fatigue limit states

History of AASHTO Live Loads

e 1923 AREA Specification

10-Ton 4k 16k
15-Ton 6k 24Kk
20-Ton 8k 32k
14 | 5.5

O O
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History of AASHTO Live Loads

(continued)

e 1944 HS 20 Design Truck Added

i |

35 kN 145 kN 145 kN
| 43m | 43to90m |
. | {

1.8 m

0.6m General

0.3m Deck Overhang
Design Lane 3.6m

History of AASHTO Live Loads

(continued)

e 1928-1929 Conference Specification

6k 24k 6k 24k 8k 32k 6k 24k 6k 24k
14' 30' | 14' | 30' 14' 30' | 14' | 30' 14'
1 1
15-Ton 15-Ton 20-Ton 15-Ton 15-Ton
OO OXO) OO QO OO
18,000 Ib for Moment
26,000 Ib for Shear
640 Ib/ft
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History of AASHTO Live Loads

(continued)

» Late 60s — H40, HS25 and HS30 discussed

* 1969 — SCOBS states unanimous opposition to
increasing weight of design truck — “wasteful
obsolescence” of existing bridges

» 1978 — HS25 proposed again

+ 1979 — HS25 again — commentary”:
— Need for heavier design load seems unavoidable
— HS25 best present solution

— 5% cost penalty
* Motion defeated

History of AASHTO Live Loads

(continued)

e “Exclusion Loads” — Based on TRB Special Report

225, 1990

GVW kN

21350 = B840 7475 7475
2780 = 834 97.30 97.30
3470 = 1022 1194 1194

| 33m z’.ﬁj

EX 3A (WB 4 95)

sw iy

2513 = 692 80.7 60.7 60.7
3150 = B| 3 779 779 779
3409 = 8349 849 849
4063 = 1026 1026 1026

f !

EX_4A (VB 6.55)

GWW KN

35584 = 4582 785 785 7651 7651
466,15 = 51.33 103.9 103.9 10351 10351

S YN Y.

EX_3-52 (WB16.42)

GVW kN

31358 500 70.35 70.35 6144 6144
3920 5546 88.78 88.78 79.49 79.49
466.15 6065 1062 106.2 9655 96.55

|
335m | 1.6 457 m_ _(i_;.sj)

EX 3-82 (WB 11.12)

KN
. 3692 3496 3496 329 329 329 294 294 305 305 WS
X 4122 466 466 471 471 471 440 440 463 463 462
427 506 506 513 518 513 435 499 515 5|5 5|5
6628 461 595 505

6427‘_]__724‘396$|2 IZ Z74$12£95$| %WZé

EX 3-53-5 (WB 22.13)
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History of AASHTO Live Loads

(continued)

Ratio of Exclusion Loads/HS20 Load (truck, lane or 24
kips axles @4’)

SHEAR RATIO
W

L 1
0 10 20 30 40 50 SPAN IN METERS

SPAN IN METERS +Vab-POS -+ Vab-NEG - Vba -NEG
+M POS 04L M NEG.04L M SUPPORT -=Mss

What is Weigh-in-Motion
Data?

« Shows stations located on highway

* Measures axle weight, spacing, and speed
» Records total truck weight and length

* Records the lane the truck used

» Determines what FHWA vehicle class

» Shows time stamp for each record

» Does not require stopping trucks and as a result,
are not avoided by heavy trucks

Lesson 3



Weigh-in-Motion Data Used

* Truck WIM data were obtained from the FHWA
and NCHRP Project 12-76.

* More than 60 million records were available.

» Strength Live Load model (HL 93) is adaptable
as national notional SLS Live Load model.

Review of WIM data indicated that site/region
specific live load should be accommodated in the
site-specific calibration for unusual traffic volumes.

1

Quality of WIM Data

« WIM data need to be thoroughly reviewed to
eliminate:

- Records that are obviously wrong

— Records that are probably special permit
vehicles (large number of axles, unusual axle
weight distribution, unusual configuration, ...)

- Records that do not matter

- Data sets that do not follow typical trends

12
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Quality of WIM Data (continued)

* Ensuring quality of WIM Data is achieved
through the “filtering” process.

» Total number of records about 65 million, about
35 million used in the calibration

— 10 million failed filters — obviously bad data
— 13 million incompatible format

— 7 million from a state with unique mix of
heavy vehicles

Initial Filtering Criteria For Non-Fatigue

SLS (FHWA, Unless Noted)

* Excluded Vehicles (mostly NCHRP 12-76 filters)
— 2 kips>Individual axle weight > 70Kkips -
— First axle spacing <5 ft
— Individual axle spacing < 3.4ft

— Sum of axle spacing - total length > +/- 1 ft.
- GVW <10

— Steering axles < 6 kips

— 7 >Total length >200 ft

— 10 > Speed > 100 mph

— FHWA Classes 3 — 14

— GVW +/- the sum of the axle weights by more than 10%.

Lesson 3
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Additional Filtering

Filter #1
1 - Truck length > 120 ft
2 - Sum of axle spacing > length of truck.
3 - GVW +/- sum of the axle weights by more than 7%

Filter #2
1 - Total # of axles < 3 AND GVW >50 kips

2 - Steering axle > 35 k

3 - Individual axle weight > 45 kips
Filter #3

Vehicles with GVW <20 Kips

Filtering By Limit State

* Vehicles passing Filters #1 & #2 were used for
calibration of all limit states except for fatigue and
the limit state for permit vehicles.

» Vehicles filtered by Filter #2 were considered permit
vehicles.

* Vehicles passing all three filters were used for the
fatigue limit state.
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WIM Data - FHWA

* 14 sites —
Representing 1 year
of traffic

* |Indiana site: 6
months of traffic

 New Mexico sites: 8
months of traffic

* The maximum
recorded GVW is
220 kips

* Mean values range
from 20 to 65 kips

Standard Normal Variable

- =4

Arizona(SPS-1) :
Arizona(SPS-2) b
— — — Arkansas(SPS-2) |
——  Colorado(SPS-2) |
linois(SPS-6) n
Indiana(SPS-6) !
— — —Kansas(SPS-2) :
——  Louisiana(SPS-1) |
Maine(SPS-5) L
|
|
b
|
|
[

Minnesota(SPS-5)
— — — New Mexico(SPS-1)
——  NewMexico(SPS-5)
Tennessee(SPS-6)

Virginia(SPS-1)

— — — Wisconsin(SPS-1)

——  Delaware(SPS-1)

Maryland(SPS-5) |1

Ontario
T

GVW [kips]

|

|

|

|

|
200 250

Analysis of the WIM Data

* Live Load effect — maximum moment and shear

» Simple spans with span lengths of 30, 60, 90,
120 and 200 feet

* Trucks causing moments or shears <0.15
(HL93) were removed due to their insignificance
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NCHRP 12-76 GVW Data

Maximum
GVW

(kips)

Number of | Months of

California

New York

Moment and Return Periods

— — Station - 0199
-------- Station - 0580 []
— - — - Station - 2680
----- Station - 8280 ||
""""" Station - 8382 ||
- Station - 9121
Station - 9631 1
Ontario

T

- I
0 50 100 150 200 250 300 350 400

GWV [kips]

Standard Normal Variable

20
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Moment and Return Periods

NCHRP Data - Florida

B I T

— — Station - I-10
-------- Station - I-75
— - — - Station - [-95
7 : : N R Station - State Route
1 [ N Station - US29
: : Ontario

Standard Normal Variable

I I
150 200 250 300

GVW [Kips]

21

Analysis of the WIM Data

» Trends were similar for most sites (similar curve
shape and cumulative distribution function, CDF).

« Some sites in New York included large number of
heavy vehicles.

* Inclusion of these sites would distort the
calibration for strength for the entire country. Not
as important for service.

* A decision was made not to include the data
from New York in the calibration.

22
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Example of a Heavy Vehicle

") 0w ¥ g @ & W ¢ @ )
=8 2 2 N= == 2 2 8 2 o
= 2 2 g 2z = z = = = =
0 N o0 - @~ 1 o~ Q@
~ <+ O W - O O v =] ~
iy il i
O f}ém OO0 O00O—0O
- £ = § £ = 5 £ & - =
b} M m - o w n - )
™ d ™ A ) . <
-— =T =T — e (o] =< T -— =T

» The total length of the truck is 100.6ft.

« GVW is 391.4 kips.
» Vehicle should be categorized as a special

permit vehicle.

23

Removal of Heavy Vehicles

trucks of trucks

before after trucks
filtering filtering

NY 2,474,407 2,468,952
NY 2680 89,286 89,250 36
NY 8280 1,717,972 1,717,428 544
NY 8382 1,561,454 1,550,914 540
9121 1,235,963 1,235,886 7
I-10 2,103,302 2,103,300 2

removed

Location

5455

trucks

ARIER e WTEET ey ot of
removed

0.22%
0.04%
0.03%
0.03%
0.01%
0.00%

24
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Removal of Heavy Vehicles

 Filter — trucks causing moments New York 8382 Span 90ft
or shears more than 1.35 (HL93 T T T |
live load effect) were removed

* Number of trucks before filtering
- 1,551,454

* Number of trucks after filtering —
1,550,914

* Number of removed trucks — 540

* Percent of removed trucks —
0.03%
(Note that if six heaviest trucks
were removed, the bias would ,
drop from 2.35 to 1.65) Truck Moment / HL93 Moment

Standard Normal Variable

+  No Trucks Removed
0.03% Trucks Removed

25

T T T
I I I
I I I
w
I I I
U
I I I
I I I
Q@ % | | |
5 3 [ R R
8 2
2 = | | |
> > I I I
T = I I I
E £ | | I
Eo--f4---7---p--5---7r--4 ESL- -y v v |
: : .
2 e I I I
©
g g I I I
P 8 Bl T |
0 I I I
I I I
I I I
Ak — - ——
I I I
I
| +  No Trucks Removed
| 0.001% Trucks Removed

25 3 25 3

15 2
Truck Moment / HL93 Moment HL93 |\2/10ment

1.4
Truck Moment /

26
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Moment and Return Periods

|
|
t
t
|
Q |
el |
E ,,,,, T ,,,,,,
> |
E |
|
,,,,, 4 ———
|
|
200ft Span
-] — — — - 120ft Span ||
— — 90ft Span
60ft Span
30ft Span
1 day
1 week
1 month
2 months
z6months
T
~o 0.5 1 1.5 2 2.5 3
Truck Moment / HL93 Moment 27

WIM Input for Service Il for
Steel

 After Filter #1 — includes “Permit Loads”
 Prior elimination of several sites
* 80% of “Permit Loads” came from one site — excluded it
» Ratios to HL93 (current = 1.30)
— Ratio =1.1 yields average = ~1 per mo
— Ratio = 1.2 yields average = <1 per 2 mo
— Ratio = 1.3 yields average =<1 per 6 mo
+ “DEEMED to Satisfy”
» Single Lane??

28

Lesson 3 14



Multiple Presence

+ WIM data analyzed to identify cases of:
- Two trucks side-by-side

- Two trucks in the same lane or adjacent lanes at less
than 200 ft. headway

* Only cases of “correlated” trucks were considered:
- Both trucks have the same number of axles
- GVWs of the trucks are within +/- 5%
- All corresponding spacings between axles are within
+/- 10%
» Correlated trucks were used to match assumptions in
original calibration

29

Multiple Presence Cases

* Simultaneous
occurrence of trucks
on the bridge

T1 T1

 Filter based on time
of a record and Headway Distance max 200 ft Headway Distance max 200 ft

speed of the truck l

» Distance from the
first axis of first truck
to the first axis of the

T2 T2

second truck Two cases of the simultaneous
maximum 200 ft. occurrence

30

Lesson 3

15



Adjacent Lanes - Florida

140

* Florida I-10 — Time 120}
record accuracy 1
second

Q
=]
T

>
« Numberof Trucks: & |
1,654,004 g oo

L
« Number of Fully or
Correlated Trucks: 20!

2,518
0 20 40 60 80 100 120

« Max GVW = 102 kips  Gross Vehicle Weight - Trucks in Adjacent Lanes

0

31

Adjacent Lanes — New York

* New York Weigh
Station #8382

« Number of Trucks: &
1,550,914 3=

* Number of Fully
Correlated Trucks: ol
3,748

¢« Max GVW =102 kips Gross Vehicle Weight - Trucks in Adjacent Lanes

32
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Adjacent Lanes — Florida I-10

2,518 trucks out of
1,654,000

Standard Normal Variable

|

i |
i

1
|: [ — Florida 110 - 1259 Correlated Trucks - Side by Side
i ] e Florida 110 - All Trucks

5 I T : "
0 50 100 150 200 250
Gross Vehicle Weight
33

One Lane — New York Weigh
Station 8382

3,748 trucks out
of 1,550,914

Standard Normal Variable

B s I Mew York 8382 - 3748 Correlated Trucks - Side by Side
----- Mew York 8382 - All Trucks
T T T T

T T T
0 50 100 150 200 250 300 350 400

Gross Vehicle Weight

34
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Conclusions for Multiple

Presence

* Vehicles representing the extreme tails of the
CDFs need not be considered to occur
simultaneously in multiple lanes.

* For the SLS, only a single-lane live-load
model need be considered.

35

Conclusion For Non-Fatigue SLS

* Not necessary to envelop all trucks — SLS
expected to be exceeded occasionally

» Scaled HL- 93 looks reasonable

+ Some states with less weight enforcement
may have to have additional consideration

36
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Example of Live Load Parameters

For general case (non-fatigue limit states/no permit
vehicle):
» Parameters vary with span length , ADTT and

period
* For example, for:
120 ft span, 1 year
and 5000 ADTT:
- Bias: 1.36
- COV: 0.09

Bias Table for ADTT 5000

Span
(ft)

1
year

5
years

50
years

75
years

30 ft

1.35

1.39

1.41

1.42

60 ft

1.38

1.4

1.44

1.45

90 fi

1.38

1.4

1.44

1.45

120 ft

1.36

1.41

1.46

1.46

200 ft

1.31

1.34

1.39

1.4

300 ft

1.25

1.28

1.3

1.31

37

Statistics of Non-Fatigue

SLS Live Load

Based on 95% limit:

COV =12%

factor

—ADTT =1,000, Biason HL 93 = 1.4
—ADTT = 5,000, Bias on HL 93 = 1.45

Based on 100 years — Bias varies with time
interval, which will be reflected in calibrated load

Bias not strongly influenced by span length

38
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Fatigue ll: Miner’s Law

M =Ji(pi “m)

i=l

<
2l
|

the equivalent moment cycle load
* m = theincremental moment cycle
the probability of occurrence of m,

L]
S
I

39

Miner’s Law

the equivalent constant amplitude
moment range

m = a particular recurring moment range
number of recurrences of m,

total number of cycles in the data
period

.
-]
|

40
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Miner’s Law

» For constant amplitude moment cycles, Miner’'s
Law can be used to determine a different
magnitude of the moment and the associated
number of cycles that will give the same M

41

Rainflow Method

* Rainflow method is used to convert a random
stress diagram into a series of stress cycles;
each has equal positive and negative peaks

42
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Live Load For Fatigue Il

(Finite Fatigue Life) (continued

» Using WIM data for axle ) m w (w0 w0 om e
loads, spacing, speed and u, | ,
time, all axles in the WIM AW i CU
data for each site were wo AR " LY
placed in one continuous w ||V W [
axle train. | '|

* For each site, the axle

train was run on spans of
different lengths.

43

Live Load For Fatigue Il

(Finite Fatigue Life) (continued

* Moment value vs. time were developed.

+ Rainflow counting used to convert data to full
cycles of different magnitudes.

* Miner’s Law yields one effective moment per
span with the number of cycles from the rainflow.

* Miner’s Law used to determine the number of
cycles from the design truck that yields same
effective moment and the associated load factor.

44
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Live Load For Fatigue Il

(Finite Fatigue Life) (continued

» Variety of spans and locations yields Mean,
bias and COV

45

Examples Using FHWA WIM Data

At Three Sites

Meq=Ji(pi*m?)

i=1

M. [kip-ft] for 3 sites
30 ft (- 60 ft (- |90 ft(-530)* | 120 ft(- | 200 ft (-1342)*
184)* 360)* 762)*
-83 -204 -269 -408 -845
-90 215 -300 -452 -896
-86 217 -291 -439 -916

* Values in parentheses = then-current AASHTO fatigue moment

46
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Example Using FHWA WIM Data

At Three Sites (continued)
Meq / MFat—Trk

Fatigue Il Load Factors for 3 sites
30 ft 60 ft 90 ft 120 ft 200 ft
0.45 0.56 0.51 0.54 0.63
0.49 0.60 0.57 0.59 0.67
0.47 0.60 0.55 0.58 0.68

Cycles per passage will be incorporated and the load
factors associated with the number of cycles will be
compared.

47

Cycles Per Passage

4.00

—+Arizona (SPS-1)
3.50 ?;\\ -=-Arizona (SPS-2)
3.00 V/’ = —+Arkansas (SPS-2)
= -<Colorado (SPS-2)
2.50 #%wm (SPs-1)
[€— 33% damage increase

"
9
9 200 llinois (SPS-6)
(&) v Current ——Kansas (SPS-2)
1.0 touisiana (SPS-1)
1.00 —Maine (SPS-5)
Continuous Bridges ~-Maryland (SPS-5)
050 Middle Support ~=-Virginia (SPS-1)
Wisconsin (SPS-1)
0.00
30 80 130 180
Span length

48
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Rainflow Cycles - n,,

Continuous Spans
30 ft 60 ft 90 ft 120 ft 200 ft
3.13 3.03 3.38 3.02 2.36
3.09 2.85 3.00 2.76 2.38
3.30 3.30 3.52 3.04 2.44

49

Damage Factor Compared

to Then-Current Damage Factor

(Meq / MFat—Trk)3 L

r]AASHTO
Then-Current = 0.75
30 ft 60 ft 90 ft 120 ft 200 ft
0.52 0.71 0.66 0.68 0.73
0.57 0.74 0.71 .73 0.78
0.55 0.78 0.73 0.73 0.80

High for all sites = 0.87 or 116% of current

50
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Design Cycles Per Truck

D Span Length
Then- Longitudinal Members > 40 ft <40t
Simple Span Girders 1.0 2.0
Current ’ . near interior
Continuous S 1.5 2.0
i Girders elsewhere 1.0 2.0
Longitudinal Members n
New =) Simple Span Girders 1.0
. near interior 15
Con.tlnuous support .
Girders
elsewhere 1.0

51

Improved Damage Ratios
Simple Support — Fatigue Damage Ratio (proposed)

mid-span 30 60 90 120 200
Arizona (SPS-1) 0.81 0.87 0.83 0.84 0.85
Arizona (SPS-2) 0.83 0.81 0.77 0.81 0.85
Arkansas (SPS-2) 0.82 0.81 0.76 0.80 0.83
Colorado (SPS-2) 0.74 0.73 0.69 0.72 0.76
Delaware (SPS-1) 0.83 0.85 0.78 0.78 0.79
lllinois (SPS-6) 0.82 0.81 0.75 0.79 0.83
Kansas (SPS-2) 0.79 0.80 0.75 0.79 0.83
Louisiana (SPS-1) 0.77 0.78 0.73 0.74 0.76
Maine (SPS-5) 0.71 0.72 0.67 0.69 0.72
Maryland (SPS-5) 0.70 0.71 0.63 0.64 0.65
Minnesota (SPS-5) 0.74 0.73 0.68 0.70 0.72
Penn (SPS-6) 0.84 0.82 0.75 0.78 0.81
Tennessee (SPS-6) 0.82 0.78 0.73 0.76 0.79
Virginia (SPS-1) 0.77 0.76 0.71 0.74 0.77
Wisconsin (SPS-1) 0.77 0.80 0.73 0.75 0.77

52
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Calculate COV and Mean
+ 1.5 Std Dev

-]
0

Standard Normal Variable
=

©
']

0.7 0.7 E
Fatigue Damage Ratio (proposed)

L
0.85

Span 30 ft
Span 60 ft
Span 90 ft
Span 120 ft
Span 200 ft
L i
0.9 0.95

Continuous
Spans Results
Similar

53

Fatigue Damage Ratio

Fatigue Damage Ratio (

proposed) for Fatigue Il LS

Span Mean Mea2+1 & cov

30 ft 0.785 0.87 0.07

: 60 ft 0.78 0.86 0.06
s'm‘l’;l‘i’ ds_::::“ed 90 ft 0.73 0.81 0.07
120 ft 0.76 0.84 0.07

200 ft 0.78 0.86 0.07

30 ft 0.59 0.65 0.07

Confinuous 60 ft 0.74 0.82 0.07
S 90 ft 0.69 0.77 0.07
120 ft 0.71 0.78 0.06

200 ft 0.785 0.87 0.07

30 ft 0.73 0.81 0.07

Confinuous 60 ft 0.72 0.80 0.07
04 L 90 ft 0.68 0.75 0.07

120 ft 0.72 0.79 0.06

200 ft 0.76 0.84 0.07

54
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Independent Check of WIM Data

Processing

 Actual traffic was run on the simulated bridges:

— Traffic simulation: All filtered trucks at a site
were positioned relative to each other using the
time stamps and speed in the WIM data.

— Not individual trucks one at a time.
Test axle train evaluated by two groups:
— 8 hypothetical trucks

— 49 axles

— 963 ft

— 843,000 Ibs

55

Independent Check of WIM Data

Processing (continued)

» Test cobbled together existing pieces:

— Used rainflow counting algorithm based on
ASTM E 1049 — 85 previously developed to
process instrumentation data for repair of in-
service bridge to calculate cycles per truck;
and

— Miner’s Law to calculate M.

56
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Independent Check of WIM Data

Processing (continued)

* Results:

- Only a few issues

— Final results — damage factors — same for simple
span, very close for negative moment at pier of
continuous

- Sometimes intermediate results varied — seemed
to depend on maximum magnitude of small
cycles (noise) that was ignored

* Generally, test worked well.

57

Fatigue | (Infinite Fatigue Life)

» Usually assumed that CAFL can be exceeded
by 1/10,000 of the stress cycles

* 99.99% inclusion of normal random variables
requires mean plus 3.8 standard deviations

58
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Find Corresponding Point in

WIM Data

FHWA Data - Arkansas (SPS-1)

'
|
T e i
I
@ - 7 F
2 P=09999 : |
= 4
5 !
> b I
E I
5 0F !
=4 !
T :
[}
'g |
b4 |
73 1 : g
| M=25055
4+ I : :
5 ! i 1 i I i ]
i} 500 1000 1500 2000 2500 3000 3500 4000

Truck Moment [kip-ft], span - 120ft

59

Site Moments Normalized to

HS20

Simple Support - mid- | "1/10000 Moment" / HS20 Fatigue Moment
span 30 60 90 120 200
Arizona (SPS-1) 1.74 1.84 1.63 1.70 1.84
Arizona (SPS-2) 1.26 1.41 1.31 1.38 1.54
Arkansas (SPS-2) 1.44 1.58 1.41 1.52 1.65
Colorado (SPS-2) 1.38 1.50 1.38 1.48 1.58
Delaware (SPS-1) 1.86 2.31 212 1.98 1.87
lllinois (SPS-6) 1.43 1.55 1.37 1.48 1.64
Kansas (SPS-2) 1.69 1.87 1.84 1.92 1.99
Louisiana (SPS-1) 1.89 2.27 1.96 2.05 2.16
Maine (SPS-5) 1.63 1.77 1.59 1.68 1.81
Maryland (SPS-5) 1.69 1.91 1.66 1.60 1.65
Minnesota (SPS-5) 1.61 2.04 2.05 2.04 2.03
Pennsylvania (SPS-6) 1.65 1.84 1.60 1.62 1.73
Tennessee (SPS-6) 1.72 1.88 1.52 1.47 1.60
Virginia (SPS-1) 1.51 1.74 1.58 1.58 1.65
Wisconsin (SPS-1) 1.61 1.78 1.58 1.67 1.76

60
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Same Process

Simple Supported - Mid-span

Continuous
Spans Results
Similar

Standard Normal Variable

14 16 18 2 22 2
Ratio: "1/10000 Moment” | HS20 Fatigue Moment

61

Maximum Moment Range Ratio for
Fatigue | LS
The Maximum Moment Range Ratio for Fatigue | LS
Span Mean Meacr;+1.5 cov
30 ft 1.6 1.90 0.13
. 60 ft 1.83 2.24 0.15
S'm':ﬁ ds:p::'ted 90 ft 16 1.96 0.15
P 120 ft 1.64 1.88 0.10
200 ft 1.7 2.15 0.18
30 ft 1.35 1.61 0.13
Confinuous 60 ft 1.81 2.13 0.12
Middle Su 90 ft 1.92 2.18 0.09
B 120 ft 1.97 217 0.07
200 ft 2.27 2.47 0.06
30 ft 1.54 1.86 0.14
Confinuous 60 ft 1.67 2.06 0.16
041 90 ft 1.6 1.92 0.13
. 120 ft 1.65 1.97 0.13
200 ft 1.72 2.11 0.15 .
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Service Limit State Design-Proposed

Fatigue Load Factors

» Fatigue I: 2.0 (instead of the then-current 1.5)
» Fatigue II: 0.8 (instead of the then-current 0.75)

63

Does This Increase Make Sense?

w
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Year
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Does This Increase Make Sense?

(continued)

140.0% _
120.0% . 1992 2002

100.0%

80.0%

60.0%

40.0% ' '
20.0%

0.0% I om0

-20.0%

Percent Change

JEN RN PN PN SRS GRS RN 0
& & &

OF DY OF P OF P° O
NPT DT O P O P
X ,\j\. ,\'\, ,\\. ,\'\,

P P > > 00
PO Y @Y @ o o P
Truck Weight
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Does This Increase Make Sense?

(continued)

COMPARISON OF GROWTH IN VOLUME AND

o LOADINGS ON THE RURAL INTERSTATE SYSTEM

600
Rural Average

500 Dally Load

400

300 - ’-’-/ Rural Average
Daily Trarﬂ\c/\\
200

100 - /

PERCENT CHANGE SINCE 1970

0
1970 1974 1978 1982 1986 1990 1994 1998 2002 2006 2008
SOUMCE: Truck Weight Sudy YEAR
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Does This Increase Make Sense?

(continued)

* Total number of trucks increased

« The most percentage increase is in the heavy
trucks category

* The total load moved by trucks is increasing
significantly faster than the number of
trucks, indicating that trucks are less likely to
travel unloaded

67

Does This Increase Make Sense?

(continued)

* Changes in traffic patterns indicate that
current traffic produces higher fatigue damage
and calls for a higher load factor for fatigue,
which was confirmed by this part of the study.

» However, the 2.0 load factor for Fatigue | can
change many details from infinite life to finite
life. The fatigue life of many of these details may
appear to have been consumed even though no
fatigue cracking have been observed.

68
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Does This Increase Make Sense?

(continued)

* Further statistical studies performed after the
completion of Service Limit State Design (R19B)
confirmed that the number of WIM sites included
in the study warrants the reduction of the degree
of conservatism included in the study.

* The additional studies yielded a lower fatigue
load factor for Fatigue | (1.75).

» The fatigue load factor proposed by R19B for
Fatigue Il (0.8) did not change.

69

Live Load Calibration for

Service ll

» Service Il is applicable to steel structures only.

* |t is meant to prevent yielding of steel
components under service loads.

70
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Live Load Calibration for

Service Il (continued)

Service Il live load factor = 1.3

« WIM moments analyzed to determine the
frequency of the HL93 moments are exceeded

* One site has disproportionately high frequency
(FL 29)

« FL DOT indicated that other highways in the
vicinity were closed and traffic was diverted to
this route

« This station was excluded from the analysis

7

Live Load Calibration for Service ll
MOMENT
Ratio Truck/HL-93 >= 1.1 Ratio Truck/HL-93 >= 1.2 Ratio Truck/HL-93 >= 1.3

Site 30ft 60 ft 90 ft 120 ft 200 ft 30ft 60 ft 90 ft 120 ft 200 ft 30ft 60 ft 90 ft 120 ft 200 ft

AZ SPS-1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0
AZ SPS-2 0 0 1 1 0 0 0 0 0 0 0 0 0 0
AR SPS-2 2 7 3 0 0 0 3 0 0 0 0 0 0 0 0
CO SPS-2 0 2 5 4 0 0 0 2 0 0 0 0 0 0 0
DE SPS-1 36 33 22 1" 0 10 22 10 1 0 1 11 1 0 0

IL SPS-6 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0

IN SPS-6 3 1" 11 10 2 2 4 5 4 0 (] 0 1 ] 0

KS SPS-2 16 33 35 31 2 7 16 17 7 0 6 7 6 0 0
LA SPS-1 44 6 12 14 7 26 6 7 7 0 6 6 5 4 0
ME SPS-5 4 4 5 2 0 0 4 2 0 0 0 2 0 0 0
MD SPS-5 5 6 2 2 0 0 1 1 0 0 0 1 0 0 0
MN SPS-5 7 5 6 5 0 4 2 2 1 0 2 1 1 0 0
NM SPS-1 0 1 1 1 0 0 0 0 0 0 0 0 0 0 0
NM SPS-5 3 1 1 2 0 2 0 0 0 0 0 0 0 0 0
PA SPS-6 32 22 17 14 1 13 17 13 1 0 3 13 2 0 0
TN SPS-6 53 4 4 0 0 5 1 0 0 0 1 0 0 0 0
VA SPS- 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0

‘WI SPS-1 1 0 3 3 1 0 0 1 1 0 0 0 0 0 0
CA Antelope EB 0 1 0 0 5 0 0 0 0 0 0 0 0 0 0
CA Anlelope wB 0 5 4 13 28 0 0 0 1 9 0 0 0 0 1
‘CA Bowman 0 0 0 1 1 0 0 0 0 1 0 0 0 0 0
CALA-710 NB 1 31 50 51 15 0 6 24 19 0 0 0 4 1 0
CALA-710 SB 1 17 45 48 14 0 3 18 19 0 0 0 1 1 0
CA Lodi 0 4 16 46 140 0 0 1 2 32 0 0 0 0 2
FLI-10 79 40 46 75 37 22 16 14 17 5 10 5 4 5 2

FL 195 0 0 0 0 0 0 0 0 0 0 0 0 0 0

FL US-29 653 495 322 245 106 360 266 174 119 51 177 160 82 59 21
MS I-10 24 22 31 33 22 7 2 10 19 2 2 2 2 2 1

MS I-55U1 0 0 0 1 2 0 0 0 0 0 0 0 0 0 0
MS I-55R 19 30 48 58 32 7 8 16 21 19 2 3 5 8 9
MS US-49 0 0 2 1 0 0 0 0 0 0 0 0 0 0 0
MS US-61 0 0 1 2 1 0 0 1 0 0 0 0 0 0
Ratio Truck/HL-93 >= 1. Ratio Truck/HL-93 >= 1.2 Ratio Truck/HL-93 >= 1.3
30ft 60 ft 90 ft 120 ft 200 ft 30ft 60 ft 90 ft 120 ft 200 ft 30ft 60 ft 90 ft 120 ft 200 ft
Total W/O FL 29 331 285 373 430 310 105 11 144 121 68 33 51 32 21 15
Average per site per yr 107 92 120 139 10.0 34 36 46 39 22 11 16 1.0 07 05 72
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Live Load Calibration for Service Il

(continued)

* Low frequency of WIM moment exceeding
factored Service || moment (LL factor = 1.3)

» The frequency is higher for shorted spans (30
and 60 ft.) and decreased for longer spans.

73

Key Points

« WIM Data is an essential tool for modern
load studies.

+ Quality of data and the ability to check work
are important factors in ensuring good
results.

* HL93 Load Model is adequate to model
current traffic for strength.

 For calibration of service limit state, a one
lane load is sufficient (for design, multiple
lanes should be used)

» Higher fatigue load factors are required.

74
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Learning Outcomes

e Gain knowledge of the background of the live
load for tension in concrete in AASHTO LRFD

e Gain knowledge of the history of the
prestressing losses in AASHTO LRFD

e Recognize the variation in reliability of existing
structures and the need for calibration

e Understand the background of the selection of
stress limits and load factor for calibration
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Load Factor for Tension in Prestressed

Concrete (Service lll)

¢ Limits on tensile stresses in prestressed concrete
components, when applied in conjunction with the
LRFD loads and load factors, give answers similar to
those determined using AASHTO standard
specifications in effect at the time the AASHTO LRFD
was developed.

Load Factor for Tension in Prestressed

Concrete (Service lll) (continued

e Service limit states was not statistically calibrated.

e The consequences of the loads exceeding the
resistance are not detrimental or well defined. (The
effect of exceeding stress limit in PSC does not
cause immediate failure; i.e., the limit state may be
exceeded but the acceptable frequency of
exceedance is not known.)

Lesson 4



Load Factor for Tension in Prestressed

Concrete (Service lll) (continued

e During the development of AASHTO LRFD using:

The typical load factor of 1.0 for service

AASHTO LRFD live load model and load distribution
Same method for determining prestressed losses

Same stress limits used in earlier specifications

( f,=00948/f and f,=019/f/ depending on the

environment)

» Resulting in requiring a larger number of strands
compared to those required by AASHTO standard
specifications

Load Factor for Tension in Prestressed

Concrete (Service lll) (continued

e Requiring a larger number of strands would indicate
that bridges designed earlier would have high tensile
stresses and would suggest that they should show
signed of cracking.

e This was not supported by field observations.

e To get the same number of strands (on average), the
load factor for live load for Service Il limit state was
reduced to 0.8 to require, on average, the same
number of strands..

Lesson 4



e Pre-2005, the method used to determine the prestress
losses in AASHTO LRFD was identical to the method
used by AASHTO standard specifications.

¢ In 2005, the new prestress loss method was introduced
in AASHTO LRFD.

e The new method, as specified, resulted in lower
losses, mainly due to the introduction of the elastic
gain.

e Using the load factor of 0.8 with the new loss method
resulted in fewer strands being required by AASHTO
standard specifications (the majority of existing
bridges) and the pre-2005 AASHTO LRFD.

Prestress Losses in AASHTO LRFD

(continued)

e Elastic Gain

- Strands change in length when the concrete of the
prestressed component change in length.

- When the concrete experiences compressive strain;
i.e., shortening, the prestressing steel gets shorter,
resulting in prestress loss and vise versa.

- Traditionally, the effect of the concrete elongation
when subjected to tensile strain, and the associated
increase in prestressing force, was ignored.

- In 2005, the new prestress loss method took this
effect into account and called it the “elastic gain.”

Lesson 4
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Prestress Losses in AASHTO LRFD

(continued)

e Elastic Gain (continued)
- To show the significance of including the elastic gain:

0 The elastic shortening at transfer causes prestress loss
equal to the compression in the concrete immediately
after transfer, multiplied by the initial modular ratio.

0 The elastic gain is equal to the sum of the tensile
stresses in concrete at the centroid of the prestressing
due to weight of the deck, weight of composite DL and
LL multiplied by the final modular ratio.

o Considering that the design is based on allowing some
tension in the concrete under all loads, the elastic
shortening loss and the elastic gain are similar in
magnitude.

Prestress Losses in AASHTO LRFD

(continued)

e Elastic Gain (continued)

— Reducing the total prestress loss by the value of the
elastic gain results in higher final stress in the
prestressing steel after losses.

— The higher final stress results in fewer needed strands.

— At the time the new prestress loss method was
developed, the research scope was to determine the
losses and did not include investigating the load factor for
live load.

— The new prestress losses method was incorporated in
AASHTO LRFD and the 0.8 load factor remained
unchanged even though its development was associated
with a specific prestress losses method.

Lesson 4
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Purpose of Tensile Stress Limits

(Service lll)

e Tensile Stress Limits: what are we trying to prevent?
e Prestressed beams are designed for some tension

(f.=0.0948/f, or f,=0.19/f ) for severe, and not worse than
moderate corrosive conditions, respectively.

e Considering that the modulus of rupture is
f,=0.24,/f/ , are we trying to prevent cracking?

e For strength limit state, we design for the heaviest
vehicles. What happens to the tension in prestressed
concrete when these vehicles use the bridge?

Purpose of Tensile Stress Limits

(Service lll) (continued)

e For a new bridge, the concrete will have no tension
cracks and routine live loads may cause tension in the
prestressed concrete without causing cracking.

e When a heavy load crosses the bridge, the stress may
exceed the modulus of rupture and the concrete may
crack.

o After the formation of the crack, every time the bridge is
exposed to load effects that overcome the compression
in the concrete (i.e., decompression) the crack will
open

e Every time the crack opens, contaminants may
penetrate the crack and cause strand deterioration.

Lesson 4



Purpose of Tensile Stress Limits

(Service lll) (continued)

e Limiting the tensile stresses in prestressed concrete controls
the frequency of the crack opening, and therefore controls
the deterioration of the strands.

e What are the possible criteria that can be used in the
calibration to control the frequency of crack opening?

- Decompression: i.e., failure when stress is tension
- Tensile stress limit: i.e., failure when stress exceeds
f=0.0948/T,, f,=0.19yf or 1 =0.25/F (for final calibration
f,=0.19,/f, was used)

- Crack width: i.e., failure when the crack width reaches a
prescribed value. Widths of 0.008, 0.012, and 0.016
inches were initially considered, most work used 0.016. .

Live Load for Calibration for Tension in

Prestressed Concrete (Service lli

» For design, the design is based on the heavier of single or
multiple lanes loaded.

+ Based on earlier conclusions that the probability of heavy
vehicles in multiple lanes is very low, the load used for
calibration is single-lane loaded with no multiple presence
factor.

« The dynamic load allowance used in the original calibration
of the strength limit state (10%) was used.

* One year return period was used to correspond to the one
year of WIM data used.

« ADTT of 5,000 was used (only 3 out of 32 sites had
ADTT>5,000 and only one of them was > 8,000).

Lesson 4
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Method of Analysis of Existing Study

Bridges for Service Ill Calibration

» For bridges designed or analyzed using the post-2005
prestressing loss method:

- For time-dependent losses: the refined estimates of
time-dependent losses in AASHTO LRFD (2012);

- The section properties used in the analysis are based
on the gross section of the concrete; and,

- The effects of the “elastic gain” were considered.

Regardless of the method of design used in designing an
existing girder, the stresses in the girder used as part of the
reliability index calculations were determined by analyzing
the girder using the above assumptions.

Method of Analysis of Study Bridges for

Service lll Calibration (continued

» For bridges designed using the pre-2005 prestressing
loss method:

- For time-dependent losses: the refined estimates of
time-dependent losses in AASHTO LRFD editions
prior to 2005;

- The section properties used in the analysis are based
on the gross section of the concrete; and,

- The calculations neglect the effects of the “elastic
gain.”
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Target Reliability Index for Service lli

Calibration

» Due to the lack of clear consequences of failure and the
lack of past calibration that can be used as a guide, the
reliability indices for existing bridges were determined and
used as a guide.

» Due to the difference in methods of determining prestress
losses, bridges designed using both methods were
analyzed.

» For each girder studied, the design was performed using
the applicable specifications and then the reliability index
for each of the three limit state functions discussed earlier
was determined.

Target Reliability Index for Service lli

Calibration (continued)

* Due to the difference in the load that causes each of the
limit state functions to be exceeded, the reliability index

varied for different limit state functions.
Frequency
of
exceeding | Reliability
the
limiting
criterion

Live Load
required to

Limiting Criteria violate the
limiting
criterion

Lowest

Maxnmu_m_ allowable tensile Middle Middle Middle
stress limit

I\_Ila)_umum allowable crack width Highest Lowest Highest
limit state

+ With the target reliability index dependent on the definition
of the limit state function, which one to use?

18
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Target Reliability Index for Service lli

Calibration (continued)

« What limit state function to use?
* Answer: The one that provides more uniform

reliability across a wide range of bridge
geometrical characteristics.

Random Variables for Service Il

Calibration

AS

Random variables:

area of non-prestressing steel, in?

= area of prestressing steel in tension zone, in?

prestressed beam top flange width, in.

= deck width transformed to the beam material, in.
= prestressed beam bottom flange width, in.

web thickness, in.
depth of neutral axis from the extreme compression
fiber, in

= f,lf,

distance from extreme compression fiber to centroid
of prestressing steel, in. 2

Lesson 4
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Random Variables for Service Il

Calibration (continued)

Random variables:
. ds =

distance from extreme compression fiber to centroid
of non-prestressing steel, in.

eccentricity of the prestressing force with respect to
the centroid of the section at mid-span, in.

modulus of elasticity of prestressing steel, psi
modulus of elasticity of non-prestressing steel, psi
specified compressive strength of concrete, psi
specified tensile strength of prestressing steel, psi
initial stress in prestressing steel, psi

yield strength of non-prestressing steel, psi

21

Random Variables for Service Il

Calibration (continued)

h

Random variables:

girder depth, in.

deck thickness, in.

top flange thickness, in.

bottom flange thickness, in.

clear span length of the beam members, ft
unit weight of concrete, pcf

sum of reinforcing element circumferences, in.
prestress losses, psi

22
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Database of Existing Bridges for

Service lll Calibration

» A database of existing prestressed concrete girder bridges
was extracted from the database of bridges used in the
NCHRP 12-78 project.

» Bridges had different geometric characteristics.

» Bridges were assumed to have been designed for limiting
tensile stress limit of f, =0.19{f/.

+ The database included:
- 30 I- and bulb-T girder bridges
- 31 adjacent box girder bridges
- 36 spread box girder bridges.

23

Average Reliability Index of Existing

Bridges (Service lll)

ADTT
Performance Levels [FNs} s ADTT ADTT ADTT

=1,000 =2,500 =5,000 =10,000

0.95 0.85 0.74 0.61

Maximum SUCZY R T 1.01 0.94 0.82
Tensile

stress R ANREZ 1.14 1.05 0.95
Limit  RSPSY TR 1.27 1.19 1.07
WIS 0.008in 229 2.21 1.99 1.85
CEI 0012in 265 2.60 2.37 2.22

Width )
0.016in  3.06 2.89 2.69 2.56

24
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Standard Normal Distribution

Table Table entry for Z is the area
entry under the standard normal
curve to the left of Z

&

-1.5 .0668 .0655 .0643 .0630 .0618 .0606 .0594 .0582 .0571 .0559
-1.4 .0808 .0793 .0778 0764 .0749 .0735 .0721 .0708 .0694  .0681
-13 .0968 .0951 .0934 .0918 .0%01 .0885 .0869 .0853 .0838  .0823
-1.2 1151 .1131 .1112 .1093 .1075 .1056 .1038 .1020 .1003 .0985
-1.1 1357 1335 .1314 1292 1271 1251 1230 1210 1190 .1170
-1.0 .1587 .1562 .1539 1515 .1492 1469 .1446  .1423  .1401 .1379
09 .1841 .1814 .1788 1762 1736 1711 1685 1660  .1635 1611
-0.8 .2119 .2090 .2061 2033 .2005 1977 1949 .1922 .1894  .1867
0.7 2420 2389 .2358 2327 229 2266 .2236 2206 .2177 2148
0.6 .2743 2709 .2676 2643 2611 2578 2546 2514  .2483 .2451
-05 .3085 .3050 .3015 .2981 .2946 2912 2877 2843 2810 .2776
0.4 3446 .3409 3372 3336 3300 3264 3228 3192 3156 3121
-0.3 3821 3783 3745 3707 3669 3632 3594 3557 3520 .3483
-0.2 4207 4168 4129 4090 4052 4013 3974 3936 .3897 .3859
0.1 4602 4562 4522 4483 4443 4904 4364 4325 4286 4297
-0.0 .5000 4960 .4920 4880 4840 4801 4761 4721 4681 4641 25

Database of Simulated Bridges for

Service lll Calibration

« A database of simulated bridges was developed:

- Span lengths: 30, 60, 80, 100 and 140 ft.

- Spacing 6, 8, 10 and 12 ft.
* Analysis cases:
Case 1: AASHTO LRFD, f,=0.0948,/f , pre-2005 losses
Case 2: AASHTO LRFD, f,=0.0948,/f., post-2005 losses
Case 3: AASHTO LRFD, f =0.19,/f , pre-2005 losses
Case 4: AASHTO LRFD, f,=0.19,/f; , post-2005 losses

+ Smallest possible AASHTO section was used for Cases 2
and 4.

+ Same section was also used for corresponding Cases 1
and 3.

26
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Reliability Index for Simulated

Bridges

« Bridges designed for f,=0.0948,/f/ and 5,000 ADTT

Case 1 Case 2
s Designed Using Pre-2005 | Designed Using Post-2008
ps #a% | Spacing Loss Method Loss Methad
ases | Section Type [Length | 277
1) g, " Max. | Mai. Decomp. Max, Maix
Tensile | Crack Tensile | Crack
1 AASHTO | 30 6 1.05 149 | 292 1.03 151 | 255
3 | AASHTOI | 30 B 0.90 084 | 241 093 100 | 232
3| AASHTOI | 30 10 1 168 | 287 1.28 167 | 282
4| AASHTOI | 30 T 1. 167 | 281 0.63 087 | 229
Average for 30 ft Span 1. 145 | 278 | 097 129 | 250
5 [ AASHTOI | 80 6 0. 101 | 335 | 023 0651 | 247
6 | AASHTO NI | 60 B — — — 073 104 | 242
7| AASHTONI | 60 10 1.22 162 [ 301 0.43 076 | 197
& | AASHTO I | B0 12 157 196 | 368 | 0.73 099 | 251
Average for 60 ft Span 115 153 3.35 0.53 0.85 234
9 AASHTO I B0 8 1.35 1.66 4.1 0.61 0.82 307
10| AASHTO NI | B0 ] 18 214 | 523 | 082 113 | 364
11| AASHTO NI | 80 10 — — — 0.90 119 | 293
12| AASHTO IV | B0 12 22 249 | 5N 0.8 A7 32
Average for 80 ft Span 1.78 210 4.81 0.7 1.10 24
13| AASHTO NI | 100 6 — — — 14 1.85 51
14 | AASHTO IV | 100 8 1.86 2.00 3.86 1.3 143 A4
15 | AASHTO IV | 100 10 - - - 1.3 1.85 3.37
16_| AASHTO V | 100 12 1.68 199 | 408 | 093 124 | 333
werage for 100 ft Span 17T 200 | 387 1.26 154 341
17 | AASHTO IV | 120 8 - — - 1.32 1.76 3.81
18| AASHTOV | 120 ] 1.54 205 | 365 | 082 14 [ 314
19 AASHTOW | 120 10 - - - 0.95 146 3.02
20 | AASHTO VI | 120 12 182 2.26 3.88 0.9 1.35 338
werage for 120 ft Span 1.68 216 3.97 1.02 1.49 3.34
71 | AASHTOVI| 140 5 148 199 | 381 0.86 136 | 2.2
22 | AASHTO VI | 140 8 = — o 0.99 147 279
23 | AASHTOVI| 140 10 — — — 1.05 153 | 322
24 — 140 12 — — — — — —
werage for 140 ft Span 1.48 199 | 391 0.97 145 278 27
Average for All Spans 144 180 | 366 | 0.2 128 | 294

Reliability Index for Simulated

Bridges (continued)

- Bridges designed for f,=0.0948/f/ and 5,000 ADTT
Summary:

Designed Using Pre-2005 Loss Designed Using Post-2005 Loss

Method Method
Decomp. Ma)f. Max. Decomp. Ma)f. Max.
Tensile Crack Tensile Crack
1.10 1.45 2.78 0.97 1.29 2.50
1.15 1.53 3.35 0.53 0.85 2.34
1.78 2.10 4.81 0.79 1.10 3.24
1.77 2.00 3.97 1.26 1.54 3.41
1.68 2.16 3.77 1.02 1.49 3.34
1.48 1.99 3.91 0.97 1.45 2.78
1.44 1.80 3.66 0.92 1.28 2.94

28
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Reliability Index for Simulated Bridges

(continued)

- Bridges designed for  f,=0.19\/f, and 5000 ADTT

Case 3 Case 4
Designed Using Pre-2006 | Designed Using Post-2005
s Met 055 Metho

Span

Cases| Section Type| Length | 5P2cing

® " oecom T’::;Me g‘r::iw Decomp T’:na;;e CN:::k

1| AASHTOI | 30 6 100 [ 155 | 238 | 097 | 155 | 246
2 | AASHTOI | 30 B 054 | 0s2 | 235 | 081 | 100 | 218
3 | AASHTOI | 30 10 | 129 | 166 | 281 | 118 | 166 | 279
4 | AASHTOI | 30 12 | 130 | 172 | 302 | 126 | 170 | 281
Average for 30 1t Span 113 | 146 | 267 | 108 | 1.48 | 258

5 | AASHTON | 60 3 074 | 143 | 311 | 018 | 058 | 241
6 | AASHTON | 60 8 104 | 139 | 22 | 026 | 066 | 181
7| AasHTON | 60 10| 042 | 079 | 205 | 04z | 078 | 207
8 | masHTon | 60 12| 066 | 100 | 25 | 066 | 096 | 253
‘Average for 60 ft Span 072 | 108 | 262 | 0.39 | 005 | 223

5 | AASHTON| 80 6 056 | osr | 313 | 043 | 051 | 253
10| AASHTONI | 80 8 T06 | 146 | 343 | 042 | 078 | 32
11| AasHTO NI | 80 10 | 158 | 184 | 365 | 0.7 | 085 | 27z
12 | aastTov | 80 12 | 083 | 145 | 372 | 051 | 087 | 341

Average for 80 ft Span 1.01 1.36 348 0.36 070 | 289
13 | AASHTO Il 100 6 _ — — 0.82 123 | 344
14 | ApsHTO W | 100 a 13 142 | 360 | 069 [ 076 | 276
15 | AASHTOIV | 100 1 1.80 198 367 0.75 104 | 342
16 | AASHTOV | 100 1 108 | 137 | 343 | 040 | 072 | 255

Average for 100 ft Span 140 | 159 | 357 | 067 | 094 | 297
A7 _[AASHTO V| 120 6 153 | 198 | 371 | 070 | 128 | 310
18 | AASHTOV 120 k] 0.50 1.30 331 0.46 085 | 255
19 | AASHTOV | 120 10 125 [ 185 | 335 | 026 | 078 | 268
20 | ansHTOWI| 120 12 119 | 166 | 337 | 047 | 091 | 269
Average for 120 ft Span 122 | 165 | 344 | 047 | 096 | 276
21 | AASHTOWI| 140 6 084 | 141 | 323 | 028 [ o082 | 241
22 | AASHTOWVI| 140 8 1.22 168 3.30 0.53 098 | 3.04
23 | AASHTOWI| 140 10 — — — 0862 1.08 | 246
24 = 140 12 — — — = — | =
Averaga for 140 #t Span 103 | 155 | 327 | 048 | 095 | 264 29
Average for All Spans 1.07 143 315 0.58 096 | 2.68

Reliability Index for Simulated Bridges

(continued)

- Bridges designed for  f,=0.19/f/ and 5,000 ADTT

Summary:

Designed Using Pre-2005 Loss Designed Using Post-2005 Loss

Method Method
Decomp. Ma)f. Max. Decomp. Ma)f. Max.
Tensile Crack Tensile  Crack
Average for 30 ft Span 1.13 1.46 2.67 1.08 1.48 2.58
Average for 60 ft Span 0.72 1.08 2.62 0.39 0.75 2.23
Average for 80 ft Span 1.01 1.36 3.48 0.36 0.70 2.89
Average for 100 ft Span 1.40 1.59 3.57 0.67 0.94 297
Average for 120 ft Span 1.22 1.65 3.44 0.47 0.96 2.76
Average for 140 ft Span 1.03 1.55 3.27 0.48 0.96 2.64
Average for All Spans 1.07 1.43 3.15 0.58 0.96 2.68

30

Lesson 4

15



Selection of the Target Reliability

Index

Reliability Index

Average B Average 8
Average P for for
§ 9 Simulated Simulated
ror bridges bridges
Performance Level 283000 designed designed Target B for Target B for
Bridges in for for bridges in  bridges in

the ; severe normal
= [fr f,=0.19/
NCHRP f al(')n.ggsie-fc ‘an d pre- environment environment
12-78

2005 loss 2005 loss
method method

Maximum
Allowable Tensile

Proposed Proposed

1.05 1.80 1.43 1.50 1.25
Stress o
f,=0.19/f/
Maximum
Allowable Crack 2.69 3.68 3.15 3.30 3.10
Width of 0.016 in. 31

Application of Calibration Procedure

to Service lll

« Step1: Formulate the Limit State Function and Identify
Basic Variables: Three limit state functions were
identified as shown above. Expressions for
resistance predictions were developed.

» Step 2: Identify and Select Representative Structural
Types and Design Cases

« Step 3: Determine Load and Resistance Parameters for
the Selected Design Cases: Statistical
parameters for variations in dimensions and
material properties were determined as
discussed above.

32
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Application of Calibration Procedure

To Service lll (continued)

« Step 4: Develop Statistical Models for Load and
Resistance: Probability distribution and
statistical parameters for live load presented
and for other variables affecting the resistance
were developed.

33

Application of Calibration Procedure

To Service lll (continued)

« Step 5: Develop the Reliability Analysis Procedure: A
large number of random cases that are used in
defining the mean and standard deviation of the
resistance were developed using Monte Carlo
simulation. The statistical information of all the
required variables was used to determine the
statistical parameters of the resistance.

For each girder, 1,000 values for each variable were determined
using Monte Carlo simulation. 1,000 values for the dead load
and resistance were determined each using one set of values of
each random variable resulting. The mean and standard
deviation of the dead load and the resistance were then

calculated based on the 1,000 simulations.
34
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Application of Calibration Procedure

To Service lll (continued)

« Step 6: Calculate the Reliability Indices for Current
Design Code and Current Practice
_ Hr7Hq
b= G, + G,
R T Oq
B = reliability Index
L = mean value of the resistance
Ly, = mean value of the applied loads
cr, = standard deviation of the resistance
o, = standard deviation of the applied loads
35

Application of Calibration Procedure

To Service lll (continued)

« Step 7: Review the Results and Select the Target
Reliability Index B : This was performed as
discussed above.

« Step 8:  Select Potential Load and Resistance Factors
for Service lll: The Service 1l limit state
resistance is affected by the tensile stress limit
used in the design. Therefore, in addition to trying
different load factors, different stress limits for the
design were also investigated. Maximum concrete
design tensile stress of fi=00948/f;  1=0.19// gng
f=025/%  were considered. In addition, the
simulated bridge database used in determining the
target resistance factor was further expanded to
allow longer spans. 36
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Application of Calibration Procedure

To Service lll (continued)

» Step 8 (cont’d): Results for bridges designed for f=025/f
were less uniform and had a reliability
level less than the target reliability index.
Results for this case are not shown
below.

+ Step 9: Calculate Reliability Indices Using the
Selected Load and Resistance Factors
and Compare to Target Reliability Index

37

Application of Calibration Procedure

To Service lll (continued)

::.: e, - - iz:.l—""-‘_
30 &0 5O 1::;“::?“::' ‘lr{:ll 180 200 220 30 60 50 lg)”l‘:iltﬂll;?l ‘lr{:ll 180 200 220
Decompression limit state Decompression limit state
Reliability index of simulated Reliability index of simulated
I-girder bridges I-girder bridges
Refined time-dependant Losses | Refined time-dependant Losses
and elastic gain considered and elastic gain considered
ADTT=5,000, y,,=0.8, ( f=0094&/% ) | ADTT=5,000, vy, =1.0, ( f=00948/% )
One-year return period One-year return period
38
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Application of Calibration Procedure

To Service lll (continued)

_;;.;':'-....--—__ --...---_—_
ELU T I ) I:m:f:r:m:l(lrl llr(:j 180 200 220 30 ol N0 I:L":zlu_“z::‘ (I;::c: %0 200 120
Decompression limit state Decompression limit state
Reliability index of simulated Reliability index of simulated
I-girder bridges I-girder bridges
Refined time-dependant Losses | Refined time-dependant Losses
and elastic gain considered and elastic gain considered
ADTT=5,000, y,,=0.8, ( f=019y% ) | ADTT=5,000,vy,,=1.0, ( f=019yf )
One-year return period One-year return period

39

Application of Calibration Procedure

To Service lll (continued)

éi::jmﬂﬂllﬂn‘---g f.E""-n
30 o0 =0 :lr:.!nll_'-:null;ll:l.tl:nll 150 o0 220 30 o0 X0 ];::dnll-:::n;t:“:j.‘.;:“l 150 200 220
Max Tensile Stress Limit State Max Tensile Stress Limit State
Reliability index of simulated Reliability index of simulated
I-girder bridges I-girder bridges
Refined time-dependant Losses | Refined time-dependant Losses
and elastic gain considered and elastic gain considered
ADTT=5,000, y,,=0.8, ( f=00%8/% ) | ADTT=5,000, vy, =1.0, ( f=00%48/% )
One-year return period One-year return period
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Application of Calibration Procedure

To Service lll (continued)

- e .
B =

s
=4

Rl el =iy Iredes

=

WG R0 160 120 140 160 IR0 200 230
Spam Lemgth (ML)

"
e &

EL o BO 100 1200 1A G TR0 200 220
Span Length (11 )

Max Tensile Stress Limit State
Reliability index of simulated
I-girder bridges
Refined time-dependant Losses
and elastic gain considered
ADTT=5,000, y,,=0.8, ( f,=0.19{% )
One-year return period

Max Tensile Stress Limit State
Reliability index of simulated
I-girder bridges
Refined time-dependant Losses
and elastic gain considered
ADTT=5,000, v, =1.0, ( f=019/7 )
One-year return period
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Application of Calibration Procedure

To Service lll (continued)

Relialbity Index
S
O
m

30 60 80 100 120 140 160 180 200 220
Span Length (f)

Bllg_Ega@"”
KODD

Relialbity Index

30 60 S0 100 120 140 160 180 200 220
Span Length (ft.)

Max Crack Width Limit State
Reliability index of simulated
I-girder bridges
Refined time-dependant Losses
and elastic gain considered
ADTT=5000, v, =0.8, ( f=00948/T )
One year return period

Max Crack Width Limit State
Reliability index of simulated
I-girder bridges
Refined time-dependant Losses
and elastic gain considered
ADTT=5000, v, =1.0, ( =009/ )
One year return period

42
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Application of Calibration Procedure

To Service lll (continued)

5 0] g =
irggulegten” |ty B08-Fe0
o W 60 ’ £ ' 100 ' 120 I u--b |<.u‘ 180 200 220 0 60 80 ’ .-|.v.|‘ 120 I ““» 160 150 200 220
Span Length (ft.) Span Length (ft.)

Max Crack Width Limit State Max Crack Width Limit State
Reliability index of simulated Reliability index of simulated
I-girder bridges I-girder bridges
Refined time-dependant Losses | Refined time-dependant Losses
and elastic gain considered and elastic gain considered
ADTT=5,000, y,,=0.8, ( f=019/% ) | ADTT=5,000,vy,,=1.0, ( f=019F )
One-year return period One-year return period
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Application of Calibration Procedure

To Service lll (continued)

Summary of Reliability Indices for Simulated Bridges

Bridges Designed for f,=0.098/f

Live Load Factor=0.8 Live Load Factor=1.0

ADTT De- Max Tensile V12X Crack De- Max Tensile Max Crack
compression Stress Limit Width compression Stress Limit Width

P (0.016 in.) P (0.016in.)
[ 1,000 | 1.05 1.41 3.16 1.42 1.79 3.36
| 2500 [N 1.35 3.1 1.38 1.75 3.33
0.97 1.31 3.06 1.33 1.70 3.32

(Target 1.20) (Target 1.50) (Target 3.30) (Target1.20) (Target 1.50) (Target 3.30)

10,000 0.94 1.30 3.00 1.32 1.66 3.28

44
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Application of Calibration Procedure

To Service lll (continued)

Summary of Reliability Indices for Simulated Bridges
Bridges Designed for f,=0.19f

Live Load Factor=0.8 Live Load Factor=1.0
ADTT De- Max Tensile ~ Max Crack De- Max Tensile Max Crack
compression  Stress Limit Ll compression Stress Limit b
(0.016 in.) (0.016 in.)
[ 1,000 | 0.84 1.27 2.92 1.11 1.53 3.25
[ 2500 R 1.15 2.87 1.04 1.46 3.47
0.68 1.10 2.82 1.00 1.41 3.14
(Target 1.00) Target (1.25) (Target3.1) (Target1.00) (Target1.25) (Target3.1)
0.64 1.07 2.78 0.98 1.34 3.1
45

Effect of the Higher Live Load Factor
.
On the Design
a gm0 7 | =00, | f=00ms[F, | peomfT, | =0T, | genmfF,
pan | Girder
Cases Section Length |Spacing yLE=0.8, FLL=0.8, FLL=1.0, LL=0.8, vLL=0.8, FLE=1.0,
Type (ft) () Pre-2005 Post-2005 Post-2005 Pre-2005 Post-2005 Post-2005
losses losses losses lnsses losses losses
1| AASHTOT | 30 3 8 [ [ [ 8 8
2 | AASHTO1 30 8 10 10 10 10 10 {1}
3 [ AASHTO1 [ 30 10 12 12 12 12 12 12
4 | AASHTO1 [ 30 12 14 14 14 14 14 14
5 [AASHTOIL| 60 [1 0 16 20 18 16 16
6 |AASHTOII][ 60 [ - 22 26 24 20 22
7_[AASHTO 11| 60 10 22 20 22 20 20 20
& [AASHTO 1| 60 12 28 24 28 24 24 24
9 [AASHTO | 80 [ 8 24 28 24 3] u
10_[AASHTO 11| 80 [ 38 30 34 32 28 30
11 _[AASHTO 11| 80 10 - 36 ] 40 42 32 | 38
12 [AASHTOIV| 80 12 40 34 38 34 32 34
13 [AASHTO L[ 100 [ - 40 46 - 38 42
14 [AASHTO IV] 100 8 50 42 46 44 8 42
15_[AASHTOIV] 100 10 - 4% 54 56 44 50
16 | AASHTO V 100 12 56 46 50 48 41 46
17 |AASHTOIV| 120 [} - 52 58 58 48 52
18 _[AASHTO V] 120 [ 62 52 58 54 48 52
19 [AASHTO V]| 120 10 - 60 68 68 54 60
20 [AASHTO VI] 120 12 74 5% | 64 64 54 | S8
21 [AASHTOVI| 140 [ 62 54 58 54 48 52
22 |AASHTO VI 140 3 - 64 0 68 58 64
23 [AASHTOVI[ 140 10 - 74 - - 68 74
24 140 12 - - - - - - 46

Lesson 4 23



AASHTO Revisions

* In 2015, AASHTO approved revisions to Section 3 that
appeared in the 2016 interims of the specifications.

Item #1
In Table 3.4.1-1, replace the load factor for live load in the Service I1I Load Combinations with 3,
Item #2

In Article 3.4.1, add new Table 3.4.1-4 as follows:

Table 3.4.1-4—Load Factors for Live Load for Service 111 Load Combination.

Component Yer
Prestressed concrete components designed using the refined estimates of 1.0

time-dependent losses as specified in Article 5.9.5.4 in conjunction with
taking advantage of the elastic gain
All other prestressed concrete components 0.8

47

Key Points

* The tensile stress limit in prestressed components
determines the probability of cracks forming in
prestressed components under severe loading and
determines the frequency of these cracks opening
under live load.

» The live load factor originally in AASHTO LRFD was
not statistically calibrated and was developed in
conjunction of specific method for prestressed
losses.

» The method of determining the prestress losses
changed in 2005.

48
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Key Points (continued)

e The limit state function (failure criteria) for Service llI
calibration can be defined several different ways.
De-compression, specific stress limit, and specific
crack width were investigated.

e For the same limit state function, the reliability index
for Service Il is a function of the stress limits used
in the design.

e To maintain the average reliability of the current
system and the uniformity of reliability index, the live
load factor needed to be increased to 1.0.

49
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Learning Outcomes

e Understand the background of the calibration of:
- Cracking of reinforced concrete (Service I)
- Live load deflection (Service 1)
- Yielding of steel (Service Il)
- Fatigue (Fatigue limit state)

* Review the revisions to AASHTO LRFD due to the
calibration of the limit states listed above
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Calibration of Cracking
of
Reinforced Concrete Components
(Service )

Cracking of Reinforced Concrete

Components (Service |)

+ Typically, reinforced concrete components are
designed for the strength limit state requirements and
checked for Service | load combination.

* The purpose of the Service | check is to ensure that the
crack width remains within tolerable limits to control
reinforcement corrosion.

» The specifications provisions are written in a form
emphasizing reinforcement details, i.e., limiting bar
spacing rather than crack width.

 Limiting bar spacing may require using smaller bars or
more reinforcement.

Lesson 5



Cracking of Reinforced Concrete

Components (Service I) (continued

* Two exposure conditions exist in the specifications:

- Class 1: Used where reduced concerns of appearance
and/or corrosion exist. Class 1 corresponds to an
assumed crack width of 0.017 in.

- Class 2: Used where increased concerns of appearance
and/or corrosion exist. Class 2 corresponds to an
assumed crack width of 0.01275 in.

* Previous research indicated that there appears to be little
or no correlation between crack width and corrosion.

» The different classes of exposure conditions have been so
defined in the design specifications in order to provide
flexibility in the application of these provisions to meet the
needs of the bridge owner.

Cracking of Reinforced Concrete

Components (Service l) (continued

* Load factors for Service | load combination:
- DL Load Factor =1.0
- LL Load factor 1.0

» Calibration was performed for decks designed using the
conventional design method only for the following reasons:

- Typically designers use the smallest possible thickness
and determine the reinforcement using #5 bars and only
switch to #6 bars when the spacing of #5 bars becomes
too small.

- This allows the creation of database of decks where each
deck will have the same design regardless of the
designer and, thus, the same reliability.

- Other types of deck do not allow this (empirical or P/S
decks).

Lesson 5



Cracking of Reinforced Concrete

Components (Service l) (continued

* Live load model for calibration:
- The heavy axle of the design truck

- ADTT 1,000, 2,500, 5,000 and 10,000 considered.
ADTT of 5,000 was used for the calibration.

- Axle load statistical parameters were determined for
different time periods (1 day to 100 years).

Cracking of Reinforced Concrete

Components (Service I) (continued

» Variables included in the calibration:

A = area of steel rebar, in?

b = the equivalent strip width of concrete deck, in.

Ce: = constant parameter for concrete elasticity modulus.
d = effective depth of concrete section, in.

d. = bottom cover measured from center of lowest bar, in
E. = modulus of elasticity of steel reinforcement, psi

f = specified compressive strength of concrete, psi

fy = yield strength of steel reinforcement, psi

h = the thickness of the deck, in.

Y. = unit weight of concrete, pcf

Lesson 5
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Cracking of Reinforced Concrete

Components (Service |) (continued

» Database of reinforced concrete decks

Deck Group # Glrderf?pacmg Deck Tihnlckness

7.0
6 7.5
8.0
7.5
8 8.0
8.5
8.0
8.5
9.0
9.5
8.0
8.5
12 9.0
9.5
10.0

10

Cracking of Reinforced Concrete

Components (Service |) (continued

» Target reliability index
- Monte Carlo simulation was used to determine the
statistical parameters for the resistance
-
Reliability ~ Reliability =~ Reliability  Reliability
Index Index Index Index
(Class 1) (Class 2) (Class 1) (Class 2)
[ 1000 Y 1.54 2.37 1.77
| 2500 KT 1.07 1.79 1.27
| 5000  [EEEN- 0.85 1.61 1.05
1.39 0.33 1.02 0.50
Avg. 1.86 0.95 1.70 1.15
B 4« 1.54 2.37 1.77
BT 13 0.33 1.02 0.50
0.45 0.50 0.56 0.53
cov 24% 53% 33% 46%

Lesson 5
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Cracking of Reinforced Concrete

Components (Service |) (continued

+ Target reliability index (continued)

- Class 2 exposure required more reinforcement, yet,
as a result of the more stringent requirements, the
reliability index was lower for Class 2 exposure.

- Positive moment reinforcement is typically controlled
by Strength | requirements, i.e., more reinforcement
than required by Service | is provided. This results in
positive moment region reliability higher than shown
above when the reinforcement is determined based
on Strength |.

- For ADTT = 5,000, the selected reliability indices are
1.6 and 1.0 for Class 1 and Class 2 exposure,
respectively.

Application of Calibration Procedure to

Cracking of RC Decks (Service I)

« Step 1: Formulate the Limit State Function and Identify
Basic Variables: The limit state function considered is the
limit on the estimated crack width. In the absence of
information suggesting that the current provisions based on
a crack width of 0.017 in. and 0.01275 in. for Class 1 and
Class 2, respectively, are not adequate, the current crack
widths were maintained as the limiting criteria.

« Step 2: Identify and Select Representative Structural
Types and Design Cases

« Step 3: Determine Load and Resistance Parameters for
the Selected Design Cases: Statistical parameters for
variations in dimensions and material properties were
determined as discussed above. 12
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Application of Calibration Procedure to

Cracking of RC Decks (Service I)
(continued)

» Step 4: Develop Statistical Models for Load and
Resistance: Probability distribution and statistical
parameters for live load (axle loads) and for other variables
affecting the resistance were developed.

« Step 5: Develop the Reliability Analysis Procedure: A large
number of random cases that are used in defining the
mean and standard deviation of the resistance were
developed using Monte Carlo simulation (1,000 values for
the load and 1,000 for the resistance for each simulation).
The statistical information of all the required variables was
used to determine the statistical parameters of the
resistance.

Application of Calibration Procedure to

Cracking of RC Decks (Service I)
(continued)

« Step 6: Calculate the Reliability Indices for Current Design
Code and Current Practice

Or + 0
B = reliability Index
L, = mean value of the resistance
Lo, = mean value of the applied loads
o, = standard deviation of the resistance

o6, = standard deviation of the applied loads

Lesson 5
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Application of Calibration Procedure to

Cracking of RC Decks (Service I)
(continued)

« Step 7: Review the Results and Select the Target
Reliability Index B+ : This was performed as discussed

above.

» Step 8: Select Potential Load and Resistance Factors for
Service llI: The reliability indices for different cases are
shown below. The results were uniform. This indicated that
no need for changes to the load factor.

+ Step 9: Calculate Reliability Indices Using the Selected
Load and Resistance Factors and Compare to Target

Reliability Index (not needed).

Application of Calibration Procedure to

Cracking of RC Decks (Service )
continued

4.0
30

1.0

Relialbity Index

-10

Girder Spacing (ft.)

Positive Moment

Relialbity Index

Girder Spacing (ft.)

Negative Moment

Class 1 Exposure
ADTT 5,000
One-year return
Reliability Index 1.6
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Application of Calibration Procedure to

Cracking of RC Decks (Service )

continued
0 0
40 4 4.0
- ] ” 0
j: 2.0 :: 0
zog= By w20 B =
é _II’: G 8 10 1 2 _T:. 0 3 10 12
20 0
30 3.0
Girder Spacing (ft.) Girder Spacing (ft.)
Positive Moment Negative Moment
Class 2 Exposure
ADTT 5,000
One-year return
Reliability Index 1.0

Calibration of Live-Load Deflections
(Service )
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Calibration of Live-Load Deflections

+ History of live-load deflection requirements

- 1871: Phoenix Bridge Company, L/1200 for a train moving 30
miles per hour

- Early 1900s: The American Railway Engineering and
Maintenance of Way Association (AREMA) adopted span-to-
depth ratios, based on engineering judgement

Pony trusses and plate girders: L/10 (currently L/10 for
trusses and L/12 for rolled shapes and plate girders)

Calibration of Live-Load Deflections

(continued)

» History of LL deflection requirements

- Early 1900s (cont'd): AREMA committee could not reach
an acceptable guidance on how to achieve economy and
limit vibrations particularly when higher strength materials
are used.

- The committee report states:

“We established the rule because we could not agree on
any. Some of us in designing a girder that is very shallow
in proportion to its length decrease the unit stress or
increase the section according to some rule which we
guess at. We put that in there so that a man would have a
warrant for using whatever he pleased.”

20
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Calibration of Live-Load Deflections

(continued)

» History of LL deflection requirements (cont'd):

- 1913: span-to-depth ratios for highway bridges, adopted
by AASHTO in 1924

- 1930: Bureau of Public Roads, L/800 and L/1000 without
and with pedestrians, respectively, and L/300 for
cantilevers. Meant to limit vibrations.

21

Calibration of Live-Load Deflections

(continued)

» History of LL deflection requirements (cont’d):

- 1958: The ASCE Committee on Deflection Limitations of
Bridges. State DOTSs survey concluded:

o Passage of medium weight vehicles, not heavy
vehicles, caused maximum oscillations

o0 More often, objectionable vibrations came from
continuous span bridges than simple span bridges

o There is no defined level of vibration which constitutes
being undesirable

22
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Calibration of Live-Load Deflections

(continued)

» History of LL deflection requirements (cont'd):

- Canadian Highway Bridge design Code (CHBDC)
includes a deflection check based on limiting the
accelerations associated with vibrations.

1000

UNACCEPTABLE

without sidewalks

with sidewalk,
occas | pedestri

static deflection, mm

ACCEPTABLE

first flexural frequency, Hz 23

Current US Practices for Live-Load

Deflections Limits

» Span-to-depth ratio changes in AASHTO

Plato Girdors | Rolled Shapes
EENCDUCI 0 2 7720
D O 1120

1935, 1941, 1949, 1953 1/10 1/25 1/25
I S N L N 25

+ L/XXlimits (2007)

Bridges without Bridges with
pedestrian access | pedestrian access
L/1600 (1 state) L/1600 (1 state)
L/1100 (1 state) L/1200 (2 states)
L/1000 (5 states) L/1100 (1 state)
L/800 (40 states) L/1000 (39 states)

L/800 (3 states)

24
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Current US Practices for Live-Load

Deflections Limits (continued)

» Live loads used in deflection checks when using LFD

HS20 truck only (1 state)

HS20 truck plus impact (16 states)

HS20 lane load plus impact (1 state)

HS20 truck plus lane load without impact (1 state)

Larger of HS20 truck plus impact or HS20 lane load
plus impact (7 states)

- HS20 truck plus lane plus impact (17 states)
- Military or permit vehicles (4 states)
- HS25 truck (8 states)

25

Can the Canadian Approach Be Used

For U.S. Bridges?

* Humans are more sensitive to acceleration than
displacement per se, especially when stationary on a
bridge.

+ A direct comparison needs to consider design live load,
dynamic load allowance, load factors, and analysis
assumptions.

26
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Can the Canadian Approach Be Used

For U.S. Bridges?

+ AASHTO and CHBDC use different loads for deflection
calculations. To get a feel of the difference, the deflections
from one lane of the deflection design load is shown.

Mss-100 MAX: (HL-93 Ratios)
Rat

* Ratio of deflections is 0.8 to 1.2. ..
- It was concluded that if the ol
bridges designed to AASHTO
criteria also seem to satisfy the

CHBDC, the L/ criteria in
AASHTO will be considered
deemed-to-satisfy.

8
§ 000
0 5 100 150 20
Base Span Length (FT)

27

Database of Existing Bridges

» 41 bridges of different types

Deflection Limitations for Highway Bridge Superstructure Vibration

* For the most part, 1000 [t
# Existing Spread BoxGirders
. . W Existing Adjacent BoxGirders
deflections satisfy the 00 | % iting -Giders
X Existing Steel Girders UNACCEPTABLE
CHBDC requirements ™
for bridges with no £ ol Secnsionsi pedestian use
3 with sidewalks,
sidewalks and with .. NN S R
onal pedestrian | et SR
occasional pedestrian ) Fom I
use. ACCEPTABLE \‘\..\"1}1:\4 =
2.0 R4 *
A xxv.

28
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Database of Simulated Bridges

» Steel I-Girders
« Spans: 60, 90, 120, 160, 200, and 300 ft.
° Girdel’ SpaC|ng 9 and 12 ft Deflection Limitations for Highway Bridge Superstructure Vibration

1000

» Designed for deflection
only

® Simulated Steel Bridges Designed to Satisfy
i its Onlh

 Simulated Steel Bri ed to Satisfy
AASHTO LRFD Specifications UNACCEPTABLE

without sidewalks

» Redesigned for all

o\
P\ with sidewalk,
. occasional pedestrian use
X3

E
3
1 t £ “ th sidewalk
requirements E % \® S ffequent pedesirian use
o 200 ‘%; I’a
3 e \52<\
' '4 —~ |
5.0 — e ——
ACCEPTABLE e
2.0
1.0

Assessment of the Results of

Deflection Calibration

« Theoretical Conclusions: LRFD specifications may be
revised to satisfy frequency, perception, and deflection by
adopting the CHBDC provisions.

* Practical assessment of the results: Variations in the
application of current requirements by different DOTs
produce more differences in the results than would revising
the design load.

» Conclusion: No compelling reason to change current
requirements. Current provisions may be considered
“‘deemed-to-satisfy”. However, it was suggested that the
fatigue truck may be used for deflection analysis as it
better represents actual trucks.

30
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Calibration of Yielding
of
Steel Components under Service
Load
(Service Il)

31

Background of Service Il

» The limit state is intended to prevent changes in riding
quality and appearance resulting from permanent
deflections in service

» Achieved by limiting stresses to 95% of yield in a
composite girder or 80% of yield in a non-composite girder
under an overload and to design slip critical connections
for the same overload requirements

* In AASHTO standard specifications’ LFD design, the
overload was dead load plus 5/3 of the HS20 loading

* In AASHTO LRFD, Service Il is used to investigate these
requirements with 1.30 load factor on live load

32
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Background of Service Il

(Overloads)

* The issue was originally investigated in the AASHO (now
AASHTO) Road Test in the late 1950s and early 1960s.
Structures were subjected to repeated relatively high stresses.

Summary of Initial Stresses in Steel Bridges No. of Vehicle
Design Stress (ksi) Actual Stress (ksi) Passages

Center  Exterior Interior Center  Exterior To First
Bridge Beam Beam Beam Beam Beam Cracking  Total

(a) Non-composite Bridges
B oo 253 27.7 301 536,000 557,400
[ 1B EETE] — 325 35.4 40.5 — 235
Bl 350 = 35.0 39.4 411 26
B o — 28.6 30.9 35.4 — 392,400
34.7 — 35.9 38.9 411 — 106
B 347 — 39.1 42.1 423 — 106
— 27.0 22.9 24.7 255 477,900 477,900
B - 27.0 24.0 24.6 26.0 477,900 477,900
(b) Composite Bridges
30.2 33.8 358 531,500 558,400
26.0 28.8 31.0 535500 557,800

33

Background of Service Il

(continued)

» The stress limits (0.95 fy for composite and 0.8 fy for non-
composite girders) correspond to 1 inch permanent set at
midspan of approximately 50 ft. spans. Only two data
points existed for composite girders and four data points
for non-composite girders.

34
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.
Background of Service Il
(continued)
Lo}
.237 ~0.95Fy ______..—-——-—""jég‘_
oslh 35./ w
7 e 0s0F,
9A
Test stress
Fy 06}
0.4f
Composite bridges
o.zr Noncompasite bridges g —
0 " 1 : A "
0 1.0 2.0 3.0
Permanent set ot midspan, in. 35

Live Load for Service Il
« Annual average exceedances per site versus span
MOMENT _ Exceedances Per Year
Ratio Truck/HL-93 >= 1.0 Ratio Truck/HL-93 >= 1.1 Ratio Truck/HL-93 >= 1.2 Ratio Truck/HL-93 >= 1.3

30ft  60ft 90ft 120ft 2001t 30ft 60ft 90ft 120ft 200ft 30ft G6Oft 90ft 120ft 200ft 30ft 60ft 90ft 1207t 2001t
[~ Azses [ 0 0 1 0 1 0 0 0 0 0 0 0 0 0 [ ) ) 0 0
| Assps2 | 2 6 5 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0
14 10 17 10 0 2 7 3 0 0 0 3 [) [) [) 0 0 0 0 0
| cosps2 | 5 6 6 2 0 2 5 4 0 0 0 2 0 0 0 0 0 0 0
140 48 33 27 1 36 33 22 1 0 10 22 10 1 [) 1 1 1 0 0
1 3 4 4 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0
BT 32 24 19 14 5 19 19 17 3 3 7 9 7 [) 0 0 2 0 0
| kssps2 | 47 80 96 10 16 33 35 31 2 7 16 17 7 0 6 7 6 0 0
76 16 25 30 13 44 6 12 14 7 26 6 7 7 0 6 6 5 4 0
| mEsPs5s [ 7 8 7 1 4 4 5 2 0 0 a 2 0 0 0 2 0 0 0
| wpspss O 8 8 2 1 5 6 2 2 0 ) 1 1 0 0 0 1 0 0 0
ETEE 8 18 19 2 7 5 6 5 [ 3 2 2 1 0 2 1 1 [ [
| NmsPs1 |l 1 1 3 0 0 1 1 1 0 0 0 0 0 0 0 0 0 0 0
T 2 7 7 9 4 4 1 1 3 [ 3 [ 0 0 [ [) [) [) [ 0
155 45 22 2 1 32 22 17 14 1 13 17 13 1 0 3 13 2 0 0
2085 29 8 1 o 53 a a 0 ] 5 i ] 0 ] 1 0 0 0 0
7 10 1 2 1 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0
6 3 5 4 2 1 [ 3 3 1 0 0 1 1 0 [) [) [) 0 0
0 13 25 3 25 0 1 0 0 7 0 0 0 0 0 0 0 0 0 0
0 30 7 100 84 0 7 6 19 40 0 0 0 1 13 0 0 0 0 1
) 3 3 8 16 [ [ [ 3 3 ) ) ) ) 3 0 0 0 0 0
10 99 150 153 85 1 34 55 56 16 0 7 26 21 0 0 0 3 1 0
3 62 105 m 54 1 17 45 48 14 [) 3 18 19 0 0 0 1 1 0
0 110 137 281 417 0 5 19 55 168 0 0 1 2 38 0 0 0 0 2
279 141 159 264 152 81 “ a7 7 38 23 16 14 18 5 10 5 4 5 2
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
| wsi0__ |t 48 53 53 44 26 24 34 36 24 8 2 1 21 2 2 2 2 2 1
0 4 5 1 8 0 0 0 1 3 0 0 0 0 0 0 0 0 0 0
142 100 255 349 89 20 31 50 61 33 7 8 17 22 20 2 3 5 8 9
0 3 1 13 7 0 0 1 0 0 0 0 0 0 0 0 0
| msuse1 [ 1 5 8 6 0 0 1 2 1 0 0 1 1 0 0 0 0 0 0
1201 651 496 204 67 fos A oA 183 {65 85 & 2
= 996 289 404 534 336 110 98 128 151 117 35 37 49 42 26 11 17 14 (%4 05
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Live Load for Service ll

(continued)

* Annual average exceedances per site versus span

120 —8 - >-10HLO3 |
100 X >=1.1HL93 |
5 - X =>=12HL93
()
® 80 \ ke >213HL93 [
[}
< \
T 60 -
c N
40 ‘\ — ~
. ‘m
| Bl
20 —
— —- _;( - —e
------ Mmoo m m = e mm e m e em oo
0 £ T - T & 1 >: Y 3.‘ )
30ft 60ft 90t 120t 200t
Span (ft.)
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Live Load for Service Il

(continued)

* Annual average exceedances per site versus ratio to HL93

120

100

80

60

——30ft |

Annual Average

40

20

>=1.2HL93

>=1.0HL93 >=1.1HL93

Ratio Truck/HL93

>=1.3HL93

38
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Live Load for Service Il

(continued)

* Annual average exceedances per site versus span scaled
Ratio Truck/HL-93 >= 1.0 Ratio Truck/HL-93 >= 1. Ratio Truck/HL-93 >= 1.2 Ratio Truck/HL-93 >= 1.3

30ft  60ft  90ft  120ft 200ft 30ft 60ft 90ft  120ft 200ft 30ft 60ft 90ft 120ft 200ft 30ft 60ft 90ft  120ft 200t
VAN 103 0 0 2 0 0 0 0 0 [ ) ) 0 0 0 0 0 0 0 0
0 1 4 3 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0
8 5 9 5 0 1 4 2 0 0 0 2 0 0 0 0 0 0 0 0
0 13 16 16 5 0 5 13 1 0 0 0 5 0 0 0 0 0 0 0
| DEsSPS1___ K] 217 149 122 5 163 149 100 50 0 45 100 45 5 0 5 50 5 0 0
1 3 4 4 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0
| INSPs6___ ) 94 69 54 39 15 54 54 49 10 10 20 25 2 0 0 0 5 0 0
| kssps2 W 90 153 183 19 31 63 67 59 4 13 31 32 13 0 1 13 1 0 0
N 170 266 319 138 468 64 128 149 74 217 64 74 74 0 64 64 53 43 0
| MESPS5 [ 35 40 35 5 20 20 25 10 0 0 20 10 0 0 0 10 0 0 0
| MDSPS5 __ |ERKC) 44 44 1 6 28 33 1 1 0 0 6 6 0 0 0 6 [} 0 0
EETEEEE 148 131 296 312 33 15 82 99 82 0 66 33 33 16 0 33 16 16 0 0
| NmsPs1__ [} 8 8 16 0 0 8 8 8 0 0 0 0 [} 0 0 0 0 0 0
| NmsPs5 e 1 1 O 8 8 2 2 3 0 3 0 0 0 0 0 0 0 0 0
95 27 13 13 1 20 13 10 9 1 8 10 8 1 0 2 8 1 0 0
s 6 [ ] ] ] EY 2 2 0 0 3 [ ] ] ] ] [ ] 0 ] [ [
25 35 4 7 4 0 0 4 4 0 0 0 0 0 0 0 0 0 0 0
[ wisps1 2 12 20 16 8 4 0 12 12 4 0 0 4 4 0 0 0 0 0 0
CA Antelope EB [0 10 20 2 20 0 1 0 0 5 0 0 0 0 0 4 4 o 0 0
0 20 48 68 57 0 5 13 21 0 0 0 1 9 0 0 0 0 1
owma ) 1 1 4 8 0 0 1 1 [ ) 0 0 1 0 0 0 0 0
2 20 31 31 17 0 7 1 1 3 0 1 5 4 0 0 0 1 0 0
1 12 21 22 1" 0 3 9 9 B 0 1 4 4 0 0 0 0 0 0
0 25 32 65 96 0 1 4 13 39 0 0 0 1 9 0 0 0 0 1
151 76 86 142 82 44 22 26 42 21 12 9 8 9 3 6 3 2 3 1
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
| wmsi10 [ 2 3 6 4 0 0 [} 1 1 ) 0 0 0 0 0 0 [} [} [}
0 2 3 6 4 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0
| WSI55R (K 66 167 229 58 13 21 33 40 22 5 5 1 14 13 1 2 3 5 6
0 2 8 10 5 0 0 1 1 0 0 0 0 [ 0 0 0 0 0 0
| mMsus-e1 ) 6 23 40 29 0 0 6 11 6 0 0 6 6 0 0 0 0 0 0
2922 2252 {473 122 @62 {524 WSS 751 572 241 P40 621 AO6 278 19 4 33 A9l 38 L]

= 1170  37.8 506 58.7 217 320 184 208 19.8 75 143 97 9.1 58 128 R4 ONN5.6HN3.28N1.7RR0.3]

Live Load for Service Il

(continued)

« Annual average exceedances per site versus span scaled
to ADTT 2,500

120 —
LY —=& - >=10HL93
100 '\ ——>=1.1HL93 | _
B - % ->=12HL93
& \
f 80 N &+ >=1.3HL93
2 \
E} 60 . L= - .
5 N N
40 [ N
20
0 ‘
30ft 60 ft 90 ft 120t 200 ft
Span (ft.)
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Live Load for Service Il

(continued)

* Annual average exceedances per site versus ratio to HL93
scaled to ADTT 2,500

120 ——30ft |
—a - 60ft

ceckeess 90 ft

=% =120ft —
\ —0— 2001t

[
0 o
o o

=)
o

Annual Average

B
o

N
o

o

>=1.0HL93 >=1.1HL93 >=1.2HL93 >=1.3HL93
Ratio Truck/HL93

41

Calibration of Service Il

» A database of 41 existing bridges was analyzed using 5/3
of single lane of LFD live load (the load likely used in the
existing bridge design). The analysis was repeated,
assuming multiple lanes of HL 93. The inherent reliability of
existing structures was determined.

Single Lane
(Reality) 1.8 0.32

Multiple Lane
(Assumed) 1.6 0.92

42
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Calibration for Service Il

(continued)

« The target reliability was taken equal to the reliability of
the existing structures.

* Monte Carlo simulations were performed assuming HL 93
(the load confirmed by the WIM data study to represent
the current traffic loads).

» The reliability index calculated was 1.8 with a COV of 0.9;
very similar to the target reliability index.

* No revisions to AASHTO LRFD seemed necessary.

43

Calibration of the Fatigue Limit State

44
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Background of Fatigue Provisions

* The current AASHTO fatigue design approach was developed in
the 1970s.

» Fatigue cracking is caused by the accumulation of fatigue
damage caused by the passage of vehicles producing varying
load effects.

» The standard design truck with axle spacings of 14 ft. does not
resemble the majority of actual trucks.

* The design truck with a rear axle spacing of 30 ft. is more
representative of actual trucks and was selected as the design
load for fatigue.

» Fatigue provisions in AASHTO Standard Specifications and
AASHTO LRFD Specifications have the same background but
the presentation is different.

45

Background of Fatigue Provisions

(continued)

* In AASHTO standard specifications, the allowable fatigue
stress range is based on the number of cycles selected
from a table (100,000; 500,000; 2,000,000; and over
2,000,000).

* In AASHTO LRFD, fatigue design is based on a stress
range threshold that varies for different fatigue categories.
The threshold determines whether the detail has an infinite
or finite fatigue life. If the detail has a finite fatigue life, the
stress range limit is determined for a number of cycles
based on the ADTT and a bridge life of 75 years.

« The approach in AAHSTO LRFD is more transparent.

46
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Background of Fatigue Provisions
(continued)
* In AASHTO Standard Specifications
TABLE 10,314 Allowable Fatigue Stress Range
Fedundant Load Path Structures Maonredundant Load Path Structures
Allwable Range of Stress, Fy (ksil® Allpwable Range of Stress, Fy, (ksi)®
Category For Far FFor For over
S Ty T ok TR GaTRe 1B b0 2o 1300w
10.3.1B)  Cycles  Cycles  Cycles  Cyeles 0.3.1B)  Cyeles  Cyces  Cyeles  Cyoks
63 (49)° 37 (29F 24 (1BF 24 (16F Ao SMGES 29023 067 24 (167
g 49] bl 18 16 B e o 16 16
B » 3 4.5 12 B 3l 18 11 1
C ELE] rl| 13 10 C 28 1 n 9
12t (Fh n
D b 16 10 7 o 2 13 g 5
E 2 13 8 45 Ef 17 (1] & 2.3
E 16 9.2 5.8 2.6 E' 12 7 4 13
F 15 12 9 ] F 12 9 7 &
47

Background of Fatigue Provisions

(continued)

* AASHTO LRFD

Tabde f.6.1.2.5-3—Constani-Amplitsde Fatigue Threshalds I:'U'] =|(il‘l_' (6.6.1.2.5-11
Cla e |
Dhetail Caregory Threshold (ksi) LA
A 24,0 . -
1t T 16.0 in which:
£} 12.0 n
IS 0.0 N = [ 65)( 73 jml ADTT), (f.6,1.2.5-3]
[ 120
5} 7.0 where:
E 45 .
[ 6 A = constant taken from Table 6.6.1.2.5-1 (ksi’)
A 325 Bolts :u: Axial Tension il.o o = number of siress range cycles per truck
A480 Bolis in Axial Tension .0 I P
passagre taken from Table 6,6.1,2.5.2

[ADTTg=  single-lane  ADTT a3 specified  in
Anticle 3.6.1.4

(AR = constont-amplitude fatigue threshold taken
from Table 6.06,1.2,5-3 (ksi)

48
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Background of Fatigue Provisions

(continued)

« For any detail, there is a level of stress under the fatigue
design load below which no fatigue cracking is expected to
take place regardless of the number of cycles during the
design life of the bridge. This results in “infinite fatigue life”.
The load factor for infinite fatigue life, i.e., Fatigue |, is
selected such that it is not exceeded more than one time in
each 10,000 truck passages on the bridge.

* In case Fatigue | requirements are not satisfied, the detail
has a finite fatigue life (Fatigue Il limit state). The load
factor is selected such that the fatigue damage caused by
the passage of an “average” truck is equal to that caused
by the factored fatigue truck.

49

Background of Fatigue Provisions

(continued)

» Based on load studies performed during the development
of the original fatigue provisions, the load factors used in
AASHTO LRFD up to 2016 were:

Fatigue Limit State Load Combination LL Load Factor

Fatigue | 1.50
0.75

» Based on load studies performed under SHRP2 Service
Limit State Design, the load factors for fatigue were revised

in 2017 to:
Fatigue Limit State Load Combination LL Load Factor

1.75

50
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Background of Fatigue Provisions

(continued)

* S-N Curve for fatigue

100. I e S

500

7w 4-100

STRESS RANGE KSI
STRESS RANGE MPa

4 10

10° 10° 10’ 10°®
N - NUMBER OF CYCLES

51

Background of Fatigue Provisions
(continued)

+ The finite-life fatigue resistance (in other words, the
allowable stress range to reach a certain number of cycles)
is defined by the general equation:

1
Ao = (:§1j3
N

Where:
A = a constant defined for each detail category, and
N = the number of cycles to failure

52
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Background of Fatigue Provisions

(continued)

Constant A for mean Statistical Parameters for
fatigue resistance Finite-life Fatigue Resistance
cuegory | | ron
Category (times 108) Category Variation

[ A N 2s 0.59

| B U | B X 0.71
B v BN 2 0.67

57 1.3 0.83

57 1.3 0.83

| D | D R 0.77

| E  EEERE | E WK 0.77
B o | E' R 0.63

53

Background of Fatigue Provisions

(continued)

Infinite-life nominal constant amplitude fatigue threshold

Nominal Constant-Amplitude

Detail Category Fatigue Threshold
(ksi)
24
16
12
10
12
7
4.5
2.6

Due to the time it takes to test for infinite fatigue life, these
limits have not been as thoroughly verified as the finite-
fatigue life.

54
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Database of Fatigue Testing

» Statistics of fatigue resistance were determined using a
comprehensive database of fatigue test data and included:

- Constant and variable amplitude fatigue test results
- Various welded steel bridge detail types
- Data from various domestic and international sources

» Based on regression analysis performed on the stress range
versus cycle relation:

logN = log A-BlogS, or N=AS*®

where

N = number of cycles to failure

S, = constant amplitude stress range, ksi

log A = log-N-axis intercept of S-N curve from AASHTO LRFD
B = slope of the curve

55

Load Uncertainties

+ The mean and COV were determined from the study of the
WIM data:

Limit State | ___Mean | _COV____

| Fatigue | IENPXUY 0.12
| Fatigue [ 0.07

* was later reduced to 1.75

56
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Resistance Uncertainties

» Test data was analyzed to determine an effective stress
range for each detail using:

(Sr )eff = (2 Yisr13 )1/3

(S))es = effective constant amplitude stress range
Y; = percentage of cycles at a particular stress range
S, = constant amplitude stress range for a group of cycles (ksi)
» The fatigue damage parameter is then determined by
introducing the number of cycles
Sﬁ _ (N*Sri3)1/3
Where: S; = fatigue damage parameter

 Normal distribution was determine to best characterize
fatigue data

57

Resistance Uncertainties

(continued)

» Use of normal probability paper  :}

i
{

 The cumulative distribution o
function (CDF) is a straight line :
when the data follows normal 5T ome f
distribution =

» Steeper line reflects smaller
standard deviation

= 28

Standard pormal va
& -

EE: Egtesse g8
T
-Let

0:."
g2
:
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Resistance Uncertainties

(continued)

+ Test data was plotted on probability paper for different
fatigue categories

+ Data was filtered to only include points that fit the detail
fatigue behavior. Typically the lower tail of the data was
included as it contains the points where fatigue cracking is
to occur !

* Regression analysis
was used to determine bes¢
» Statistical parameters
were determined for
each fatigue category. ' s,
Category C and C’ are shown

59

y=0.0022x-4.8637

=

500 1000 1500 2500 3000 3500 4000

STANDARD NORMAL VARIABLE

P N ™

Resistance Uncertainties

(continued)

» Mean value of the stress parameter is the intersection with
the horizontal axis.

» The inverse of the slope of the line is the standard
deviation.

» The coefficient of variation (COV) is the standard deviation
divided by the mean value.

+ The COV and the mean of the fatigue resistance were
used along with the nominal fatigue resistance to
determine the bias of the data.

« The nominal value of the chosen fatigue parameter was
calculated using AASHTO LRFD Egq. 6.6.1.2.5-2 and
rearranged to achieve the relationship in terms of the
desired fatigue damage parameter as shown in next inde.80
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Resistance Uncertainties

(continued)

1/3

* Si_amsHto (N*S ) = A
St aasnto = nominal value of the fatigue parameter using
AASHTO LRFD for each detail category

A = constant taken from AASHTO LRFD Table 6.6.1.2.5-1
for the various detail categories

* The bias value is then determined as
Bias:sf_Mean / Sf_AASHTO

St mean = Mean value of the fatigue parameter using the
fatigue data for each detail category

61

Resistance Uncertainties

(continued)

Statistical parameters of the resistance:

Cutoff

Catedo Standard s s Standard
991y | peviation jEMEan f_AASHTO | Normal
Variable

1000.0 0.24 1.43 4167 2924 1
666.7 0.22 1.34 3077 2289 1
250.0 0.11 1.28 2336 1827 1
454.6 0.21 1.35 2210 1638 1
185.2 0.10 1.36 1773 1300 1
140.9 0.12 1.17 1207 1032 1
232.6 0.20 1.56 1140 730 1

The reliability indices inherent for various fatigue category
were then determined using Monte Carlo simulations.

62

Lesson 5

31



Calibration of the Fatigue Limit State

Proposed resistance factors and associated reliability index:
[ A 1.0 12
[ B 1.0 1.4
[ B 1.10 0.9
1.0 12
Fatigue | 1.0 12
[ D 1.15 1.4
[ E | 1.0 0.9
- 1.20 1.0
[ A 1.0 1.0
| B | 1.0 0.9
. | B | 1.0 1.0
Fatigue Il 1.0 0.9
1.0 0.9
- 0.95 1.0
| E | 1.10 1.0
[ B | 0.90 1.0 83

Calibration of the Fatigue Limit State

(continued)

In order not to use variable resistance factors, the desired
reliability index could also be achieved by using a resistance
factor of 1.0 (same as has always been implied), a revised
“A” constant and revised constant amplitude fatigue

threshold: Current Proposed
Constant- Constant-
i Current Proposed Detail Amplitude Amplitude
CDtetall ConstantA | ConstantA Category Fatigue Fatigue
31690 | Times 108 | Times 108
w20
N oo
R
w
B -
B o 35

64
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Calibration of the Fatigue Limit State

(continued)

* AASHTO decided not to revise the constant A or the
constant amplitude fatigue threshold as these values have
been entrenched in current practice and are needed in
order to continue to match other design specifications.

65

Revisions to AASHTO LRFD for

Fatigue of Steel Components

» Load factors (also applied to Fatigue | for reinforcement)

Fatigue I—
LL IM & CE
only

Fatigue IT—
LL IM& CE
only

B

=]
=
=

66
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Revisions to AASHTO LRFD for Fatigue g

Steel Components (continued)

* Number of cycles per [Tongiwudinal Span Length
Members =008 =400
truck passage: Simple Span o =5

Girders

Continuous
Girders

1) near interior 1.5 2.0
support
2) elsewhere 1.0 20

Cantilever 5.0
Girders

Orthotropic 5.0
Deck Plate
Connections
Subjected

to Wheel Load
Cycling
Trusses 1.0

Transverse Spacing
Members >200 ft <20.0 ft
1.0 2.0

67

Revisions to AASHTO LRFD for Fatigue g

Steel Components (continued)

. Revised ADTT Detail T5-y1s (ADTT)g Equivalent to Infinite
Category Life (trucks per day)

i infini A 536 690
equivalent to infinite A STE
; ; B’ 1035 350
fatigue life 2 S iias

C 745 975
D 1875 2450
E 35304615
E 6485 8485

Item #5

In Article C6.6.1.2.3, revise Eq. C6.6.1.2.3-1 as follows:

75 _ Yearts = 4
3 (75)(n)

A

} (365)(75)(n)

T5—Year(ADTT), =

0.80(AF)
175

68
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Calibration for Fatigue of Concrete and

Reinforcement

» Fatigue | limit state

» Fatigue of concrete is accounted for in the limit on
compressive stress under all loads

» Pre-2017 equations for fatigue resistance of reinforcement:
- For straight reinforcement bars and welded wire w/o
cross welds in high stress region:
(AF),, =24 - 20f , /f,
- For welded wire with cross welds in high stress region:
(AF)TH =16 — 0.33f,,

69

Calibration for Fatigue of Concrete ang

Reinforcement (continued)

* An approach similar to that outlined above for steel
components was used resulting in:

- For straight reinforcement bars and welded wire without
cross welds in high stress region:

(AF). =26 — 221,/ f,

- For welded wire with cross welds in high stress region:
(AF),, = 18 — 0.36f

» The result is a moderate increase in the fatigue resistance
of reinforcement (less than 2 ksi).

70
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Key Points

* No revisions in the specifications were required for
cracking of reinforced concrete under service load
(service 1), deflections (Service 1), or yielding of
steel components under service loads (Service II).

» The load factor for fatigue limit state was increased
from 1.5 to 1.75 for Fatigue | and from 0.75 to 0.8
for Fatigue II.

» The number of load cycles per truck passage was
revised.

» The fatigue stress threshold for reinforcement in
tension was moderately increased.

7
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Foundation Deformations
Chapter 1 - Introduction

Naresh C. Samtani, PhD, PE
NCS GeoResources, LLC

May 23, 2017
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Learning Outcomes

« Understand the history of work related to
foundation deformations

» Be able to locate material in White Paper titled
“Incorporation of Foundation Deformations in
AASHTO LRFD Bridge Design Process”

* Become familiar with the various conventions
used in the White Paper

Work Under TRB-SHRP2

» General calibration process was developed for
SLS and was revised to fit specific requirements
for different limit states.

* The following limit states were calibrated:
o Fatigue | and Fatigue Il limit states for steel components

o Fatigue | for compression in concrete and tension in the
reinforcement

Tension in prestressed concrete components

Crack control in decks

Service Il limit state for yielding of steel and for bolt slip
Foundation deformation(s)

O O O O
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History of Work Related to

Foundation Deformations

* TRB Project R19B work started in 2008 and final report published in
January 2015
* Presentations related to calibration of foundation deformations at
AASHTO SCOBS Annual T-15 Committee Meetings:
— 2012, New Orleans, LA
— 2014, Columbus, OH
— 2015, Saratoga Springs, NY
— 2016, Minneapolis, MN
* Presentation at AASHTO SCOBS Mid-Year Joint Meeting of
T-15 and T-5 committees on October 28, 2015, in Chicago, IL;
included a flow chart.
« Presentation at 2017 42" Southwest Geotechnical Conference in
Phoenix, AZ
» Development of examples, draft agenda items for T-15 and T-5
committees, and a white paper

Incorporation of Foundation

Deformations — White Paper

» Based on Project R19B report
and includes additional work
beyond Project R19B.

* Incorporates comments SH%
received at various meetings SOLUTION
and presentations.
* Will be updated as necessary. Incorporation of Foundation Deformations
in AASHTO LRFD Bridge Design Process

+ Latest copy can be found at
the AASHTO SHRP2 R19B
product page.

R19B Product Page

http://shrp2.transportation.org/Pages/R19B
ServiceLimitStateDesignforBridges.aspx
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Correlation of Presentation

and White Paper

» The presentation slides closely follow the information in
the white paper:

— Reference to material in White Paper will be prefixed
by “WP”, e.g., WP Figure 2-1 refers to Figure 2-1 in
Chapter 2 of the White Paper

» Supplementary materials from references cited in the
White Paper will be presented as needed

* Review agenda for topics related to foundation
deformations in context of White Paper

Conventions for Style and

Organization — Appendix A

* AASHTO LRFD for AASHTO LRFD Bridge Design
Specifications
— Necessary to fulfill AASHTO’s citation requirements
— Refers to 7t Edition (2014) and Interims

+ AASHTO Standard Specifications for Highway Bridges

+ Notations (Symbols): yse, SE, Ay, Lg

» Font differences: Times New Roman (in AASHTO), Calibri (in
some FHWA manuals), Arial (in these slides; sometimes
italicized)

+ Format: 2-column versus full-page (no column)

» Sections, Articles, Commentary, Tables, Figures

« Terminology: Settlement, movement, deformation
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Key Points

» The effort to calibrate the service limit state
for foundation deformations started with
Project R19B in 2009

* A comprehensive White Paper is available
for reference

Foundation Deformations
Chapter 2 - Bridge Foundation Types and
Deformations

Naresh C. Samtani, PhD, PE
NCS GeoResources, LLC

May 23, 2017
e AMERICAN ASEOCIATION
or BETATE HIOHWAY awn
THANSPORTATION OrFiCiALS
U.5. Department of Transpori tatian ﬁ
Federal Highway Administration A A S H D
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Learning Outcomes

» Define major components of a bridge
structure

+ Identify types of bridge foundations and
deformations

Major Components of a Bridge

Structure

WP Figure 2-1
Parapet

Deck — F’ﬁ" “\ :

& ._.,::_ I - .-- .-=-=_;=:_;_=_7:_=_:- -_‘-_._-=-=-_-_-'=-=-=-'='= = [ \G irder L L
= { )\ T Bent Beam

Bearing - l 1 s

i ;
Abutment - Column {_ JTTHI‘“PHes

LT
Footing

Reference: Nielson (2005)
12
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Foundation Types

WP Figure 2-2 WP Figure 2-3 (a) and (b)

Shallow foundations Deep foundations (group, single)

Foundation Deformations

+ Foundation deformations can have multiple degrees of
freedom

+ Broad categorization of foundation deformations:
— Vertical (settlement)
— Lateral (horizontal)
— Rotation (combined effect of vertical and lateral deformations)
— Torsional

+ Bridge foundations and other geotechnical features,
such as approach embankments, should be designed
so that their deformations will not cause damage to the
bridge structure

Lesson 6



Impact of Foundation
Deformations

» Regardless of the type of foundation, the key point of interest is the
effect of the foundation deformation on the various elements of the
bridge substructure, and superstructure components above the
foundations

» Impact of foundations deformations could be more severe on
superstructure and bearings particularly when lateral deformations
are combined with settlements

Bridge Approach System

Embankment

) Approach Siab
Jﬂ'i \ (Optional)
=

\- Sleeper Slab

Bridge Dcck—\

J— Pavement

(Qptional)

Shallow Foundation {Optional)
]
! : Compacted
! ' Embankment or
1 " Approach Fill
1
UL
| '
1 1
1 1

Deep Foundation —r: :: Natural Soil

'
1

FHWA(2006) ~— ~— — — = "— — —
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Many Types of Abutments

o

< Bidge

Structure

Typical Spill-Throwugh Abutment

Approach Slab

—

Typical Perched Abutment

Approach
” Pavement

ﬁ-:l_ =
- ..‘g_

o~ Stab Seat

: | 4— Integral Abutment

40— Steel H Plles

L

FHWA (20086)

Typical Integral Abutment

m—

.
-
#" Embankment

M

Embankment

Original Ground

or High Abutment

Mechanically Stabilized Abutment

Typical Full-Height Closed

Approach Roadway Embankments

Major Design Considerations

- Ve

» Global Stability
* Deformations

rtical

— Lateral
» Effects on the Structure
— Bump at the end of the bridge
— Tilting

Lesson 6



Potential Deformations at Bridge

Approaches

sIncorrect bearings and
associated movements

*Thermal Movement
of Bridges in General
and Integral Bridges
in Particular

*Small Settlement of
Abutment by Design

*Void D

Due to Erosion fro

Water Flow and

Compaction from

Traffic Loads

/

P Growth Due
to Temperature Effects

* Horizontal Pressure

Due to Embankment

* Freeze-Thaw Ice Lenses

* |ncorrect Design of
Approach Slab

*Loss of
Embankment Material

* Soil Movement of the
Embankment Slope

Jmal

* Lateral Squeeze Due to
Lateral Stresses of
Embankment Placement

FHWA (20086)

i

1 1%

W
o

4 E

* |mproperly
Designed
Slesper Slab

* Expansive Soil

* Compression of
Embankment Due to
Insufficient Compaction
of Incorract Materials
Specification

Wil |

|—» Collapsible Soil

* Compression of
Natural Soil Due to
Embankment Load

- Seric-and Brayel |

FHWA (20086)

20
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At End of Bridge At End of Approach Slab

FHWA (20086)

21

Approach Roadway

Deformations

* Internal
— Within the embankment fill
* Due to compression of the fill materials
* Poor drainage

* External
— In the native soils below the embankment fill
* Vertical and lateral deformation of native soils
* Vertical: Immediate and consolidation settlements
« Lateral: Squeeze (cause tilting of structures)

22
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Control Geomaterials and
Placement Procedures

FHWA (20086)

23

Control the Geomaterials at

Abutments and Approaches

Prajection of abutment wingwall

Minimum breakpoint of berm
and end slope may be located
2t (0.8 m) above the top of
the footing and 4 ft (1.2 m) out
from the front edge

5t {1.5 m) pad of select
material placed bensath
abutments on spread

footings

Embankment Material

HEO

Place embankment to this line
pricr to abutment construction
or pile driving

Waorking lines drawn perpendicular to projected
canterling of bearing to determing and limit for
placement of Select Material and Highway

Backfil abutment to a point 5 ft
(1.5 m) behind the wingwall
with material as per Note 1 to
subgrade

Select Structural Fill
{Minimum 100% compaction, T35}

Highway Embtankment Matsrial, & in (150 mm) Max. Topsize
{Minimum 95% compaction, T130)

Highway Embankment Material
{Minimum 90% compaction, T1380)

MNote 1: Highway embankment material and select material shall be placed simultaneously of the

verfical payment line

FHWA (20086)

24
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Material and Construction

Specifications

* Bridge designers need to have material and
construction specifications that are consistent
with service limit state calibrations

» The calibration of limit states is based on the
assumption that appropriate material and
construction specifications have been developed
and implemented

25

Key Points

* Foundation deformations can occur in several
ways

* The effects of foundation deformations need to
be evaluated in terms of the ramifications for the
bridge substructure and superstructure

26
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STRATEGIC HIGHWAY RESEARCH PRO

RCH PROGRAM

Foundation Deformations

Chapter 3 - Consideration of Foundation
Deformations in AASHTO Bridge Design Specifications

Naresh C. Samtani, PhD, PE
NCS GeoResources, LLC

May 23, 2017
Q _ b
Pk Wy Aknos AASHID

Learning Outcomes

+ ldentify and discuss the articles related to
foundation deformations in the AASHTO
LRFD Bridge Design Specifications

* Understand the treatment of foundation
deformations in the AASHTO Standard
Specifications for Highway Bridges

28
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AASHTO LRFD Table 3.4.1-1

WP Figure 3-1

DC Use One of These at a Time

DD

D

EH

EV LL

ES I

EL CE

PS BR
Load Combination CR PL

Limit State Si LS W4 | W8 | WL FR i TG SE EQ BL i) T CV

s v (15| ioo| — | — | 100 | 050120 | vro | v
Strength [1 Yo 135 ] 1.00 | — S 1.00 | 0.50/1.20 | ¥ro | Ys — — — = —
Strength T1T 1 - 1 1.00 | 1.40 1.00 | 0.50/1.20 | yro | Yes - — -
Strength IV v — 1.00 — — 1.00 0.50/1.20 — — — — — — —
Strength V A 1.35 | 1.00 | 040 | 1.0 1.00 | 050120 | v | e — — — — —
Extreme Event | Yo Ve, 1.00 1.00 - 1.00 -
Extreme Event I1 . 050100 — | — | 1.00 — — | — — 1100] 1.00 J1.00 ] 1.00
Service [ 100 100 f100]030] 1.0 ] 100 | 1000120 | ¥ro | Yo — — — - —
Service [1 1.00 | 1.30 | 1.00 | — — 1.00 1.00/1.20 — —= — == = — —
Service [11 1.00 | 0.80 | 1.00 ] — — 1.00 | 1.00/.20 | ¥ro | Ys — — — = —
Service [V 100 | — J100]j070 | — ] 1.00 | 100120 | — | 10 — — - = —
Fatigne [—LL, M — 1.50 — — — — — — — — — — — —
& CE only
Fatigue I—LL, Af | — |05 ] — | — | — | — — === |l=| = = =
& CE only

AASHTO LRFD Table 3.4.1-2
WP Figure 3-2
Type of Load, Foundation Type, and Load Factor
Method Used to Calculate Downdrag Maximum Minimum
DC: Component and Attachments 1.25 0.90
DC: Strength IV only 1.50 0.90
DD:Downdrag | Piles, o Tomlinson Method 14 025
Piles, & Method 1.05 030
Drilled shafts, O"Neill and Reese (1999) Method 125 035
DW: Wearing Surfaces and Utilities 1.50 0.65
EH: Horizontal Earth Pressure
*  Active 1.50 0.90
*  At-Rest 135 0.90
o AEP for anchored walls 1.35 N/A
EL: Locked-in Construction Stresses 1.00 1.00
EV: Vertical Earth Pressure
*  Overall Stability 1.00 N/A
*  Retaining Walls and Abutments 1.35 1.00
s Rigid Buried Structure 1.30 0.90
+  Rigid Frames 1.35 0.50
*  Flexible Buried Structures
o Metal Box Culverts, Structural Plate Culverts with Deep Corrugations, and L5 09
Fiberglass Culverts 1.3 0.5
o Thermoplastic Culverts 1.95 09
o All others
ES: Earth Surcharge 1.50 075 30
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AASHTO LRFD Table 3.4.1-3

WP Figure 3-3
Bridge Component PS CR, SH
Superstructures—Segmental 1.0 See yp for DC, Table 3.4.1-2
Concrete Substructures supporting Segmental
Superstructures (see 3.12.4,3.12.5)
Concrete Superstructures—non-segmental 1.0 1.0
Substructures supporting non-segmental Superstructures
*  using 035 0.5
* using g, 1.0 1.0
Steel Substructures 10 1.0

31

Key to AASHTO LRFD Loads and

Load Designations

WP Figure 3-4

Permanent Loads

Transient Loads

CR = force effects due to creep
DD = downdrag force

DC = dead load of structural components
and nonstructural attachments

DW= dead load of wearing surfaces and
utilities

EH = horizontal earth pressure load

EL = miscellaneous locked-in force effects

resulting from the construction
process, including jacking apart of
cantilevers in segmental

construction

ES = earth surcharge load

EV = vertical pressure from dead load of
earth fill

PS = secondary forces from post-
tensioning for strength limit states;
total prestress forces for service limit
states

SH = force effects due to shrinkage

blast loading

vehicular braking force
vehicular centrifugal force
vehicular collision force
vessel collision force
earthquake load

friction load

ice load

vehicular dynamic load allowance

vehicular live load

live load surcharge

pedestrian live load

force effect due to settlement
force effect due to temperature
gradient

force effect due to uniform
temperature

water load and stream pressure
wind on live load

wind load on structure

32
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Is SE Load Type Transient?

» As per Article 3.3.2 of AASHTO LRFD, the SE load type
is categorized as transient and represents “force effect
due to settlement.”

— The force effects can be manifested in a variety of
forms, such as additional (secondary) moments and
change in roadway grades.

* Thus, even though SE load is considered as a transient
load, the force effects because of SE load type may
induce irreversible (permanent) effects in the bridge
superstructure unless the induced force effects are made
reversible through intervention with respect to the bridge
superstructure.

33

Similarity between SE and DD

Load Types

« DD: “downdrag force”

« Conceptually the treatment of SE load type is similar to
that of the DD load type that represents downdrag force
(or drag load) due to a settlement-based mechanism

— Drag load is categorized as a permanent load type
and in the AASHTO LRFD framework, a geotechnical
phenomenon of settlement is considered in terms of
additional permanent load that is induced

— The DD load type is considered in both strength and
service limit state evaluations

34
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Category of Superimposed

Deformations

» As per Article 3.12 of AASHTO LRFD, the SE load type
is considered to be similar to load types TU, TG, SH,
CR, and PS, in that it generates force effects because of
superimposed deformations.

 ltis the induced force effects of foundation deformations
that need to be included in the design of bridge structure.
Therefore, the effect of foundation deformations has
been included in the SE load type in AASHTO LRFD,
Section 3, Table 3.4.1-1.

35

Is SE Load Type Only Applicable for

Settlements?

« Although AASHTO LRFD uses the word “settlement,” the broader
meaning of SE load type applies to foundation movements or
deformations, whether it is settlement (vertical deformation) or
lateral deformation or rotation.

* Article 3.12.1 of AASHTO LRFD used the word “support
movements” as follows:

“Force effects resulting from resisting component deformation,
displacement of points of load application, and support
movements shall be included in the analysis.”

» Any reference to SE load type should, in general, be considered a
reference to foundation deformation, whether it is vertical
deformation (settlement) or lateral deformation or rotation.

36
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In Which Limit States Does SE
Load Type Occur?
WP Figure 3-1
DC Use One of These at a Time
Dp
DWW
EH
EV LL
ES IM
EL CE
PS BR
Load Combination CR PL
Limit State SH S W4 | W8 | WL FR i) TG SE EQ BL IC T Cr
?Jﬁ:ﬁl;imcn v | 175 | Loo — | 100 | 050120 | ¥ro | 7as
3 gith 11 v |135]1to0o] — T — [ 100 [ 050020 | v [ v [ — — — — —
#Sﬂﬂh T % 1.00 | 1.40 100 | 050120 | 1m0 | 1 :
Strength [V Yo —_ 100 ] — —_ 1.00 0.50/1.20 — — — —_— — — —
Strength V o 135 | 1.00 | 040 | 1.0 1.00 | 0501120 | o | Yer — — — — —
Extreme Event | Yo Ve, 1.00 1.00 1.00
Extreme Event 11 e 050 | 1.00 | — — 1.00 — — — — 1.00 | .00 | 1.00 | 1.00
B Service [ 1.00 | 100 | 100 [030 | 1.0 | 100 | 10020 | v | 4 | — | — | — | — | —
| Service [1 1.00 | 1.30 | 1.00 | — — 1.00 1.00/1.20 - — — — — — —
B Service 111 100 {080 ] oo | — | — | 1oe | 100020 | v | v= | — | — | — | — | —
Service [V 1.00 — 1.00] 070 | — 1.00 1.00/1.20 — 1.0 — — - - =
Fatigue [—LL, IM — 1.50 — — — — — — — — — — — —
& CE only
Tatigue I—LL, M | — | 075 ] — | — | — | — = =l =1=1=1 =1=1 =
& CE only
37

Superimposed Deformations

— Article 3.4.1

“All relevant subsets of the load combinations shall
be investigated. For each load combination, every
load that is indicated to be taken into account and
that is germane to the component being designed,
including all significant effects due to distortion,
shall be multiplied by the appropriate load
factor...... ”

38
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Superimposed Deformations

— Article 3.4.1

“The factors shall be selected to produce the total extreme
factored force effect. For each load combination, both
positive and negative extremes shall be investigated.

“In load combinations where one force effect decreases
another effect, the minimum value shall be applied to the
load reducing the force effect. For permanent force effects,
the load factor that produces the more critical combination
shall be selected from Table 3.4.1-2. Where the permanent
load increases the stability or load-carrying capacity of a
component or bridge, the minimum value of the load factor
for that permanent load shall also be investigated.”

39

Superimposed Deformations

— Article 3.4.1

 Article 3.4.1 of AASHTO LRFD states the following for
selection of a value of yg:

“The load factor for settlement, vy, should be
considered on a project-specific basis. In lieu of
project-specific information to the contrary, yge, may
be taken as 1.0. Load combinations which include
settlement shall also be applied without settlement.”

40
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Superimposed Deformations

— Article 3.12.6

Article 3.12.6 — Settlement

“Force effects due to extreme values of differential
settlement among substructures and within individual
substructure units shall be considered.”

Parapet
Deck

=

Girder

T
. L \ : I Bent Beam
= Bearing .| |_—
Abutment S \ Column *__—Piles

Footing

41

Superimposed Deformations

— Article 3.12.6

Commentary

“Force effects due to settlement may be reduced by
considering creep. Analysis for the load combinations
in Tables 3.4.1-1 and 3.1.4-2 which include settlement
should be repeated for settlement of each possible
substructure unit settling individually, as well as
combinations of substructure units settling, that could
create critical force effects in the structure.”

_—
"

- Nl
- vy |

\ Be.}- gy ot Benl Beam

\

Abutment \H_ Cobimi |
o

42
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Standard Specifications

— 17t Edition (2002)

* Article 3.3 - DEAD LOAD
3.3.2.1 “If differential settlementis . =

anticipated in a structure, TS -

consideration should be given to il
stresses resulting from this
settlement.”

» Since the above stipulation is under the parent article
(3.3, Dead Load), it implies that settlement effects
should be considered wherever dead load appears in
the allowable stress design (ASD) or load factor design
(LFD) load combinations.

43

Key Points

Evaluation of differential deformation is mandated by
AASHTO bridge design specification regardless of design
platform (ASD, LFD, or LRFD).

— Itis not a new requirement.
In LRFD platform,
— Category of superimposed deformations

— The yg load factor appears in both strength and service
limit state load combinations.

The uncertainty of predicted deformations needs to be

calibrated for the y4¢ load factor within the overall framework
of limit state design.

44
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Foundation Deformations
Chapter 4 - Effect of Foundation Deformations on
Bridge Structures and Uncertainty

Naresh C. Samtani, PhD, PE
NCS GeoResources, LLC

May 23, 2017
Q | o =
Pl sy A AASHIO

Learning Outcomes

» Define terminology to express settlement
profile of a bridge structure

46
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Idealized Vertical Deformation

Patterns for Bridges

WP Figure 4-1

—Reduced Clearance

Regular pattern Irregular pattern
of settlement settlement of settlement

Ronuniform
settlement

Ls

Nonuniform Settlement Irregular Settlement

» S: Settlement at a foundation location
* Lg: Span length between adjacent bridge substructure elements
* A4 Difference in settlement between two adjacent foundations
+ Effect of foundation deformations

— induce force effects within superstructure

— affect approach features, rideability, deck drainage, etc. 47

Differential Settlement, A

Irregular pattern
of settlement

Nonuniform
settlement

Ls

+ Differential settlement, A,, induces force effects
within superstructure

+ Differential settlement, A4, when normalized by span
length, Lg, is an expression of angular distortion

48
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Concept of Differential Settlement

and Angular Distortion

WP Figure 4-2

Abutment 1 Pier 1 Pier 2 Pier 3 Abutment 2
L LSI Jo I"52 L I"'Ss’ L LSd 4
"Spanl ' Span2 ' Span3 ' Span4

Ayq \Adz Ad3 AL
Span Differential Settlement, Angular Distortion,
Ay Ag=AglLs
1 Ag1 = |Sa1— Sp1l Ag1 = (1S4 = Sp11)/Ls
2 Ag> = |Sp1—Sps| Agz = (ISp; = Spz|)/Ls;
3 Agz = |Spz = Sps] Ags = (1Sp; = Sp3|)/Lss
4 Ags = |Sp3 = Sazl Ags = (1503 = Sp2)/Lss

49

Induced Moments in

Continuous-Span Bridges

s Ls

M = func (fl,Ad}

118. 00 130. 00
s 8'% &
8 &g
EXAMPLE I
' S e | N'
6EIA El'|| A
My = . d gl — || 24 WP Equation 4-1, 4-2
15 Ls )\ Ls

WP Equation 4-3

El/Lg is a representation of Structure Stiffness
A4/Ls is Angular Distortion (dimensionless)

50
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Damage Due to Differential

Settlements

« Damage to bridge structure due to differential
settlements can vary significantly depending on:
— Type of superstructure
— Connections between the superstructure and substructure
units
— Span lengths and widths
— Continuity of superstructure with respect to substructure

» Because the induced force effect (e.g., moment) due to
differential settlement is a direct function of El/Lg,
stiffness should be appropriate to the considered limit
state.

51

Damage Due to Differential

Settlements

» For concrete bridges, the determination of stiffness of
bridge components should consider the following effects:

— Cracking
— Creep
— Inelastic responses

52
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Damage Due to Differential

Settlements

* To a lesser extent, differential settlements can also
cause damage to a simple-span bridge.

— Quality of riding surface
— Adverse deck drainage
— Aesthetics

» Because of lack of continuity over the supports, the
changes in slope of the riding surface near the supports
of a simple-span bridge induced by differential
settlements may be more severe than those in a
continuous-span bridge.

53

Settlement, S, and Angular

Distortion, A, = A /L¢

Nonuniform
settlement

Irregular pattern
of settlement

R
= %
4 -
e =
E it
osond

« What is a tolerable value of Aj/Lg ?
e How reliable is the value of S ?

54
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Key Points

» Differential settlement induces force effects in
the superstructure.

« Damage to a bridge structure is a function of
angular distortion and structure stiffness.

55
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Foundation Deformations
Lecture 7
White Paper Chapter 5 to Chapter 8

Naresh C. Samtani, PhD, PE
NCS GeoResources, LLC

Central Federal Lands
May 23-24, 2017

([

U.5. Department of Transportation _I__
Federal Highway Administration A A S H D

_ _
SHRP2S

STRATEGIC HIGHWAY F PRC

Foundation Deformations
Chapter 5 - Tolerable Foundation Deformation Criteria

Naresh C. Samtani, PhD, PE
NCS GeoResources, LLC

May 23, 2017
Q |
el ity Ao AASHID
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Learning Outcomes

« Identify limiting (tolerable) angular
distortion values from AASHTO LRFD

 Discuss arbitrary use of limiting (tolerable)
angular distortion values by different
agencies

Tolerable Movement Criteria for

Highway Bridges

WP Table 5-1

Limiting Angular Type of Bridge

Distortion, A /L ¢ (radians)
Multiple-span (continuous

0.004 span) bridges

0.008 Simple-span bridges

+ Based on AASHTO LRFD Article C10.5.2

Tolerable - Limiting

* Movement is expressed in terms of angular distortion
What is the history of these criteria?

Lesson 7



Limiting (Tolerable) Angular

Distortion

* Moulton et al. (1985) — For FHWA
* AASHTO - Standard (ASD) and LRFD Specifications

Type of Limiting Angular Distortion, A /Lg
Bridge Moulton et al. (1985) AASHTO
Continuous 0.004 0.004
Span (4.8"in 100" (4.8"in 100"
Simple 0.005 0.008
Span (6.0"in 100" (9.6"in 100"
For rigid frames, perform case-specific analysis

Moulton’s Evaluation

» 314 bridges in US and Canada

» Steel, concrete, and concrete/steel structures

» Variety of foundations, spans, and span lengths
» Field evaluation

+ Analytical evaluation

+ Tolerance to movements was often judged
qualitatively by responding agencies in accord with
TRB definition

Lesson 7



Definition of Intolerable Movement

in Moulton’s Study

* Per TRB Committee A2K03 (mid 1970s)

—“Movement is not tolerable if damage
requires costly maintenance and/or repairs
and a more expensive construction to
avoid this would have been preferable.”

Arbitrary Use of AASHTO

Limiting Values

Arbitrary (no consistency in application)
+ 0.004 - 0.0004 or 0.008 = 0.0008
» 1-25/1-40 TI (BIG-I), NM: 0.004 > 0.002, 0.008 > 0.004
 WSDOT (From Chapter 8 of Geotech Design Manual)

WP Table 5-2
Total Differential Settlement over 100 ft within
Settlement, 3, at Pier or Abutments and Differential Action
Pier or Settlement Between Piers [Implied Limiting
Abutment Angular Distortion, radians]
d<1" Agrgo < 0.75" [0.000625] Design & construct
" " " " Ensure structure can
1"<8<4 0.75" < Ay00 < 3" [0.000625-0.0025] tolerate settlement
5>4" Agio0 > 3" [> 0.0025] Need Dept approval

8
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Another Example from a DOT

» Chapter 10 of Bridge Design Guidelines of the Arizona
Department of Transportation (ADOT, 2015) states the
following:

“The bridge designer should limit the settlement of a
foundation per 100 ft span to 0.75 in. Linear interpolation
should be used for other span lengths. Higher
settlements may be used when the superstructure is
adequately designed for such settlements. Any
settlement that is in excess of 4.0 in, including stage
construction settlements if applicable, must be approved
by the ADOT Bridge Group. The designer shall also
check other factors, which may be adversely affected by
foundation settlements, such as rideability, vertical
clearance, and aesthetics.”

Selection of Tolerable Deformatiog

A 3-step process

» Based on consideration of all elements associated with a
bridge and approach structures

— Superstructure elements, substructure elements,
approach elements, joints, utilities, clearances, etc.

Parapet
Deck

Girdar

Benl Beam
Bearing

Abutment Calumn e Pileg

Foaling
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Selection of Tolerable

Deformation

Step 1

+ |dentify all possible facilities associated with the
bridge structure and the movement tolerance of those
facilities

« Examples: deck, parapet, joints, attached utilities, etc.

Selection of Tolerable

Deformation

Step 2
» Determine the differential settlement profile along the
bridge by using conservative assumptions for
geomaterial properties and prediction methods
» Estimate the angular distortion based on construction-
point concept

Abutment 1 Pier 1 Pier 2 Pier3  Abutment 2

Agy = (1543 = 5 | )Ly
| Aa=l5 = Sullils
Agy =150, = Syl MLgy
| Aga = (150 = Sapl Wlss

WP Figure 4-2
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Selection of Tolerable Deformatiog

« Step 3
» Compare the angular distortion from Step 2 with the

various tolerances identified in Step 1 and AASHTO’s
limiting angular distortion values

+ |dentify the critical component of the facility

» Review this critical component to check if it can be
redesigned to more relaxed tolerances

» Repeat this process as necessary for other facilities

* In some cases, a simple re-sequencing of the
construction may help mitigate the issues related to
intolerable deformations

Tolerable Horizontal Deformation

Criteria

» Horizontal deformations cause more severe and widespread
problems for highway bridge structures than equal
magnitudes of vertical movement

+ Tolerances to horizontal movement will depend on bridge
seat or joint widths, bearing type(s), structure type, and load
distribution effects

* Moulton’s findings for horizontal movements:

< 1”: tolerable

> 27 intolerable

Recommended: 1.5”

Horizontal movements result in more damage when
accompanied by settlement than when occurring alone

Lesson 7



Evaluation by Moulton et al.

(1985)

Basis
« 1977 — 12t Edition of Standard Specifications

+ HS20-44 wheel loading or its equivalent lane
loading

Key observation of 1985 study

» Attempts to establish tolerable movements from
analyses of the effects of differential settlement on
the stresses in bridges significantly underestimated
the criteria established from field observations

+ Analytical evaluation leads to overly conservative
angular distortion criteria

Evaluation by Moulton et al.

(1985)

Reasons for Conservatism

» Discrepancy between analytical studies and field
observations is because the analytical studies often do not
account for the construction time of the structure and the
construction-point concept (next topic)

» Building materials like concrete (especially concrete while it
is curing) are able to undergo a considerable amount of
stress relaxation when subjected to deformations

— Under conditions of very slowly imposed deformations,
the effective value of the Young’s modulus of concrete
is considerably lower than the value for rapid loading

Lesson 7



Key Points

« AASHTO LRFD specifies limiting angular
distortion criteria

» Agencies often use arbitrary criteria for
angular distortion, which may not be rational

Foundation Deformations
Chapter 6 - Construction-Point Concept

Naresh C. Samtani, PhD, PE
NCS GeoResources, LLC

May 23, 2017

( Ant N
TRANSPORTATION OFF OIALE

U.5. Department of Transportation
Federal Highway Administration

AASHID
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Learning Outcomes

* Introduce and understand the construction-

point concept

When is a Bridge Structure

Affected?

Construction-Point Concept
Example: Bridge Pier

WP Figure 6-1 (a) and (b)

3
lz S 3z Factored Load
i tlo (Strength Limit)| || F
Wi Surf. o b
Y o~ Wearing Surface 8= Dt S
_‘_(—Supsrstructure =
construction
X 7 S Long - term settlement
¥ (if applicable)
<——Substructure
Service Load
. X (Service Limit)
A Foundation
1 w (shallow or deep) w
Settlement
Sw Sx 555 (Vertical Deformation)

20
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When is a Bridge Structure

Affected?

Construction-
Point Concept

Tiltmeters

“Pier Wall

Average Settlement (in)

Construction Stage No.
1 = Pooting Construction
2= Const. of Pler Wall and

3
4 = Placement of Beams
5

‘t
N

Fill Settlement
Footing Points
Cunlmcl Prcsaulr;: Cells Construction Stage No.
Instrumentation Example Data (Pier)

Reference: Sargand, et al., (1999); Ohio DOT

21

General Observations

of the total settlement

lateral and rotation

deformations

settlement

clearance under a bridge

* The percentage of settlement between placement of beams
and end-of-construction is generally between 25 to 75 percent

— This observation applies to all other deformations, e.g.,

» Construction-point concept is applicable to immediate

— Evaluation of total settlement and maximum (design)
angular distortion must also account for long-term

— Continued long-term deformation of the structure after
end-of-construction may not be acceptable, e.g., reduced

22
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Relevant Angular Distortion in

Bridges

WP Figure 6-2

k le L LSE L Ls3

e L54 x|
I

Spanl ' Span2 ' Span3 ' Span4
5., s 5, s s

2277, 7 )

Abutment 1 Pier 1 Pier 2 Pier 3 Abutment 2

23

Horizontal Deformations

* The limiting horizontal movements are strongly dependent on

the type of superstructure, and the connection with the
substructure

— Acceptable values of horizontal deformations are project
specific

24
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Key Points

» Use of total foundation deformations based on
assumption that all loads are applied
instantaneously is not realistic

» The percentage of settlement between
placement of beams and end-of-construction is
generally between 25 to 75 percent of the total
settlement

STRATEGIC HIGHWAY RESEARCH PROG

H PROGRAM

Foundation Deformations
Chapter 7 - Reliability of Predicted Foundation
Deformations

Naresh C. Samtani, PhD, PE
NCS GeoResources, LLC

May 23, 2017

( AMERICAN ASEOCIATION
or BTATE HIOHWAY aw

TRANSPORTATION OFFICIALS

U.5. Department of Transpori tatian ﬁ
Federal Highway Administration A A S H D
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Learning Outcomes

 Discuss reliability of predicted foundation
deformations

27

Reliability of Predicted Foundation

Deformations

+ All analytical methods (models) for predicting foundation
deformations have some degree of uncertainty

+ The reliability of predicted foundation deformations
varies as a function of the chosen analytical method

+ Since the induced force effects (for example, moments)
are a direct function of foundation deformations, the
values of the induced force effects are only as reliable as
the estimates of the foundation deformations

28
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Reliability of Predicted Foundation

Deformations

 Itis important to quantify the uncertainty in foundation
deformations by calibrating the analytical method used to
predict the foundation deformations using stochastic
procedures

* In the LRFD framework, the uncertainty is calibrated
through use of load and/or resistance factors

* AASHTO LRFD considers uncertainty of foundation
deformations in terms of the induced effects through the
use of yg load factor

29

What Does All of This Mean?

Need to:
1. Re-evaluate past data in LRFD framework

2. Re-survey using revised definition of
intolerable movements in LRFD context

3. Using reliability considerations, evaluate
foundation/soil response with
substructure/superstructure interaction

4. Calibrate the y¢¢ load factor

30
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Key Points

* Itis important to understand and quantify the
uncertainty in predicted foundation
deformations

31

Foundation Deformations
Chapter 8 - Calibration Procedures

Naresh C. Samtani, PhD, PE
NCS GeoResources, LLC

May 23, 2017
Fedicl ity A nine AASHID
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Learning Outcomes

deformations

* Identify overarching characteristics that
apply to service limit states

* Discuss the incorporation of load-
deformation behavior into calibration of
service limit state for foundation

33

Relevant AASHTO LRFD

Articles

WP Table 8-1

AASHTO LRFD Article

Comment

10.6.2.4: Settlement Analyses for Spread Footings

Article 10.6.2.4 presents methods to
estimate the settlement of spread footings.
Settlement analysis is based on the elastic
and semi-empirical Hough (1959) (Hough)
method for immediate settlement and the 1-
D consolidation method for long-term
settlement.

10.7.2.3: Settlement (related to driven pile groups)
10.8.2.2: Settlement (related to drilled shaft groups)
10.9.2.3: Settlement (related to micropile groups)

The procedures in these Articles (10.7.2.3,
10.8.2.2 and 10.9.2.3) refer to the settlement
analysis for an equivalent spread footing
(see AASHTO LRFD, Figure 10.7.2.3.1-1).

10.7.2.4: Horizontal Pile Foundation Movement
10.8.2.4: Horizontal Movement of Shaft and Shaft Groups
10.9.2.4: Horizontal Micropile Foundation Movement

Lateral analysis based on the P-y method is
included in AASHTO LRFD for estimating
horizontal (lateral) deformations of deep
foundations. Use of Strain Wedge Method
(SWM) is allowed per C10.7.2.4.

Note:

Section 11 (Abutments, Piers and Walls), Article 11.6.2 of AASHTO LRFD refers back to the various Articles noted in the
left column of this table. Therefore, the Articles noted in this table also apply to fill retaining walls and their foundations.

34
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Overarching Characteristics to Be

Considered
1. Load-driven versus non-load-driven limit states
2. Reversible versus irreversible limit states

3. Consequences of exceeding deformation-related limit
states and target reliability indices

4. Calculation models

35

Overarching Characteristics to be
Considered:

1. Load-Driven versus
Non-Load-Driven Limit States
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Load-Driven versus Non-Load-

Driven Limit States

» Difference between load-driven and non-
load-driven limit states is in the degree of
involvement of externally-applied load
components in the formulation of the limit
state function

37

Load-Driven Limit States

« Damage occurs because of accumulated applications of
external loads, usually live load (trucks)

« Examples:
— Decompression and cracking of prestressed concrete
— Vibrations
— Deflection

« Damage caused by exceeding these limit states may be
reversible or irreversible and hence the cost of repair
may vary significantly

38
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Non-Load-Driven Limit States

« Damage occurs because of deterioration or degradation
over time and aggressive environment or as inherent
behavior from certain material properties

+ Examples:

Penetration of chlorides leading to corrosion of reinforcement
Leaking joints leading to corrosion under the joints

Shrinkage cracking of concrete components

Corrosion and degradations of reinforcements in reinforced soil
structures (e.g., MSE walls)

* In these limit states, the external load occurrence plays a
secondary role

39

Load-Driven versus Non-Load-

Driven Limit States

* In the case of foundation deformations, computations are
usually performed as follows:

— Consider live load (load-driven) for short-term
deformations

— Do not consider live load for long-term or time-
dependent deformations

40
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Overarching Characteristics to be
Considered:

2. Reversible versus Non-
Reversible Limit States

Reversible versus Irreversible
Limit States

Reversible limit states are those for which no
consequences remain once a load is removed from the
structure

Irreversible limit states are those for which
consequences remain once a load is removed from the
structure

Foundation deformation may be considered as a
irreversible limit state with respect to foundation
elements

42
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Concept of Reversible-Irreversible

Limit States

* Reversible-irreversible limit state is one where the effect
of an irreversible limit state may be reversed by
intervention

+ Example: Foundation deformation,
which is an irreversible limit state
with respect to foundation
elements but may be reversible in
terms of its effect on the bridge
superstructure through
intervention, e.g., through use of
shims or jacking

FHWA (2006)

43

Reversible versus Irreversible

Limit States

» Because of their reduced service implications,
irreversible limit states, which do not concern the safety
of traveling public, are calibrated to a higher probability
of failure, and a corresponding lower reliability index than
the strength limit states

* Reversible limit states are calibrated to an even lower
reliability index compared to irreversible limit states

44
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Overarching Characteristics to be
Considered:

3. Consequences of Exceeding
Deformation-Related Limit States
and Target Reliability Indices

Consequences and Target
Reliability Indices

+ Factors to be considered while differentiating between
different limit states in terms of consequences:

— Irreversible versus reversible limit states

« Irreversible limit states may have higher target reliability than
reversible limit states

* Reversible-irreversible limit states may have target reliability
similar to reversible limit states
— Relative cost of repairs

« Limit state that have the potential to cause damage that is
costly to repair may have a higher target reliability than limit
states that have the potential of causing only minor damage

46
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Consequences and Target

Reliability Indices

« Strength (or ultimate) limit states pertain to structural
safety and the loss of load-carrying capacity
— Consequences of collapse can be severe.

— Reliability indices for strength limit states range from 3.0 to 3.5
for bridge structures and 2.3 to 3.5 for geotechnical features

» Service limit states are user-defined limiting conditions
that affect the function of the structure under expected
service conditions

— Violation of service limit states occurs at loads much smaller
than those for strength limit states

— Since there is no danger of collapse if a service limit state is
violated, a smaller value of target reliability index may be used
for service limit states

47

Consequences and Target

Reliability Indices

« Foundation deformations induce secondary force effects

in a bridge structure (e.g., increased moment or potential

cracking)

» Force effect due to settlement, relative to the forces
effect due to dead and live loads, would generally be
small

— Load factor, y4, is only one of the many load factors in all the
Service and Strength limit state load combinations

— The primary moments due to the sum of dead and live loads are
much larger than the additional (secondary) moments due to
settlement

48
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Target Reliability Index for Structural
Service Limit States
WP Table 9-11
Limit State Target Reliability Index, | Approx P,
Br (Note 1)
Fatigue | and Fatigue Il limit states for 10 16%
steel components
Fatigue | for compression in concrete 0.9 (Compression) 18%
and tension in reinforcement 1.1 (Tension) 14%
Tension in prestressed concrete 1.0 (Normal environment) 16%
components 1.2 (Severe environment) 1%
. 1.6 (Class 1) 5%
Crack control in decks (Note 2) 1.0 (Class 2) 16%
Service Il limit state for yielding of 18 49
steel and for bolt slip (Note 2) : 0
Note 1: P, is based on “Normal” Distribution
Note 2: Although smaller values of reliability index can be used as per R19B, the subcommittees have
expressed a desire not to change the values implied by the current standard.
49

Consequences and Target

Reliability Indices

» Based on various considerations noted in previous
slides and consideration of reversible and irreversible
service limit states for bridge superstructures, a target
reliability index, B+, in the range of 0.50 to 1.00 for
calibration of load factor, y4g, for foundation
deformation in the Service | limit state is
recommended by Project R19B

50
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Consequences and Target

Reliability Indices

Reliability Index, p
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0
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Note: Plot is based on the assumption that the load and the resistance are normally
distributed and statistically independent (i.e., uncorrelated)

Overarching Characteristics to be
Considered:

4. Calculation Models

Lesson 7

26



Basic LRFD Concept

WP Figure 8-1
firRQ) Qean Rinean
Q, R,
kQ K R‘J'-?
vQ, | 9R,

Q:R

53

The Q-6 Dimension

WP Figure 8-2 flR,Q) Qean Rincon

'&—PDF of curve

54
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Q-6 Model

» Qs force effect such as applied load, Q
induced stress, moment, shear, etc.
— Could be expressed as resistance, R

» Jis deformation such as settlement,
rotation, strain, curvature, etc.

* Q-5 curves can have many shapes d
— Only 3 shapes are shown in the figure as examples

* Formulation is general and applies to both
geotechnical and structural aspects. Some examples
are as follows:

— Lateral load — lateral displacement (P-y) curves
— Moment-curvature (M-¢) curves
— Shear force-shear strain curves 55

Q-5 Model and Limit States

WP Figure 8-3
JLoad, Q
(Resistance, R)
N
Qy
o
]
F P
Q; L 2
o ©
5 & -
Q e o
’ o | E &
s | 2 ©
ol& | & c
gle | 2 £
£ o 2 ;
A= +=  Deformation, &
28, o 5, g
56
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Range and Distribution of Q-6

WP Figure 8-4
Q
o
‘ Upper Bound
A g —— % — Measured Mean
7 i Lower Bound
i g o
/ i
7,
d

57

Correlation of Measured Mean

With Theoretical Prediction

WP Figure 8-5

Q Measured
Mean ©

l(—
|

V
|“

Theoretical
(Prediction)
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Serviceability Limit State(s)

* For strength limit state, common expression is
g=R-Q

* For service limit state, the expression can be:

_5 5 O = target (design or tolerable)

g=0r=0% 8p = predicted (estimated)

» &;is Resistance and &, is Load

* Need statistics for 6 and 5p

Data from Moulton et al. (1985)

Angular distortion mnterval All bridges* Steel bridges Concrete bridges
Tolerable cases | Intolerable cases | Tolerable cases | Intolerable cases | Tolerable cases | Intolerable cases

0-0-001 43 1 29 1 13 0
0001 1 -0-002 IJ 5 2 5 12 0
0-0021-0-003 ] 0o 0
0-0031-0-004 :IJ 1 11 1 0
0-0041-0-005 10 4 7 3 2 1
00051 - 0-006 2 6 1 5 1 1
0-0061-0-008 2 7 1 4 1 0
0-0081-0-010 I 3 0 2 1 1
0-011-0-020 3 0 2 13 1 2
0021 - 0-00 I 8 1 5 0 2
001 - 00600 0 3 1] 1 0 2
0061 -0-080 0 2 ] 1 0 ]

144 60 99 43 41 9

8 1]

\Lluu E.E_.“,SI ‘ | Ihme mall B0

00004 00028 00048 00070 00180 00800

o«-u \».»

—
[ —
_
F

r

b

g ks

b

2 P
=

u

1

Adquir etcetion Anguiar etortion

All Bridges Steel Brldges Concrete Bridges

Reference: Zhang and Ng (2005)
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Statistics for &, (Resistance)

* No consensus on d;

* No standard deviation (o), Bias (or Accuracy) data
available at this time using LRFD specifications

— Long Term Bridge Performance Program (LTBPP)
may offer future data

+ Use of deterministic value of 3; by bridge designer

— Varies based on type of bridge structure, joints,
design of specific component, ride quality, deck
drainage, aesthetics, public perception, etc.

61

Adaptations

WP Figure 8-6

flR,Q)

Probability of
Exceedance, P,

- QR

62
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Convert PDF to CDF

Example
13
1.2
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PDF: Probability Distribution Function; CDF: Cumulative Distribution Function

Generate Probability Exceedance

Chart (PEC) from CDF

Example
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Determination of Load Factor for

Deformations, y5

WP Figure 8-7

r 3
6?’1

PeT

Probability of Exceedance of
Tolerable Settlement

8‘:{ /-'/ Deformation Load
& Factor y,. = 8,/8,
-_.'-"I' /-1 »
Sp -

Predicted Settlement, inches

65

Development of Deformation

Load Factor, v

» Step-by-step approach to develop PEC for determination
of load factor for deformation, yg, is provided in WP
Section 8.3.5

— This approach is demonstrated by a numerical
example in the next topic

66
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Key Points

» There are overarching characteristics that apply to
service limit states:

1. Load-driven versus non-load-driven limit states
2. Reversible versus irreversible limit states

3. Consequences of exceeding deformation-related
limit states and target reliability indices

4. Calculation models

+ Calibration of service limit state for foundation
deformations require incorporation of load-deformation
(Q-38) behavior into the calculation models

67
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Foundation Deformations
Lecture 8
Review of White Paper, Chapter 9 to Chapter 11 and

Appendix B

Naresh C. Samtani, PhD, PE
NCS GeoResources, LLC

Central Federal Lands
May 23-24, 2017
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Foundation Deformations
Chapter 9 - Calibration Implementation
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Learning Outcomes

* Identify step-by-step process of
implementation of calibration process for
foundation deformations

* Learn the calibration process by a
numerical example

Basic Framework for Calibration

of Deformations
WP Table 9-1

Step

Comment

1.

Formulate the limit state function
and identify basic variables.

Identify the load and resistance parameters and formulate the limit state function.
For each considered limit state, establish the acceptability criteria.

2. Identify and select Select the representative components and structures to be considered, e.g.,
representative structural types  [structural type could be spread footing and the design case may be immediate
and design cases. settlement.

3. Determine load and resistance |ldentify the design parameters on the basis of typical foundation types and
parameters for the selected deformations. For each considered foundation type and deformation, the
design cases. parameters to be calibrated must be determined, e.g., immediate settlement of a

spread footing based on Hough method, lateral deflection of driven pile group at
groundline based on P-y method.

4. Develop statistical models for Gather statistical information about the performance of the considered deformation
load and resistance. types and prediction models. Determine the accuracy (X) factor and statistics for

loads based on prediction models. Resistance is often based on deterministic
approach and its value will vary as a function of the considered structural limit
state.

5. Apply the reliability analysis Reliability can be calculated using the PEC method. In some cases, depending on
procedure. the type of probability distribution function a closed form solution may be possible.

6. Review the results and develop |Develop the yg¢ load factor for all applicable structural limits states and their
the yge load factors for target corresponding target reliability indices and consideration of reversible and
reliability indices. irreversible limit states

7. Select the yg¢ load factor. Select an appropriate the ys load factor based on owner criteria, e.g., reversible-

irreversible condition.
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Formulate the Limit State functions and
identify basic variables

 Limit State Function
g=R-Q
g=90r—0p WP Equation 9-1
where, 9 is tolerable deformation (Resistance)
and o is predicted deformation (Load)

» For calibration of deformations, express g as a ratio
g=0p/0; WP Equation 9-2

Identify and select representative structural
types and design cases

» To demonstrate the calibration process and
implementation, the following is used:

— Structural type: Spread Footing
— Design Case: Immediate Settlement

NOTE: Even though the example of immediate settlement of a
spread footing has been selected, the calibration process
illustrated by this example can be applied to calibrate vertical and
lateral deformation for all structural foundation types (e.g.,
footings, drilled shafts, and driven piles) and retaining walls.
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Determine load and resistance parameters for
the selected design cases

 Load Parameter

— Predicted (or calculated) immediate settlement (vertical
deformation), &

» Resistance Parameter

— Tolerable (or limiting or measured) immediate settlement
(vertical deformation), 6

NOTE: AASHTO LRFD uses the symbol “S” for settlement.
Therefore, for further discussions, the symbol S will be used
instead of 5. Thus, S, denotes predicted settlement and S;
denotes tolerable settlement.

Develop statistical models for load and
resistance

NOTE: A regional database from states in New England has been
chosen for demonstration of the calibration process. This
process has been applied to other regional databases from other
DOTs (e.g., Washington State, Ohio, and South Carolina) as well
as other databases (e.g., Texas A&M, Europe)
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Example Database

O PARTIALLY INSTRUMENTED
(5) TOTAL

@ COMPLETELY INSTRUMENTED
(5) TOTAL

. I
f
#1 (BURLINGTON, VT) e
.’ .

-

oy | i
i N J
_. o
[ - L ]
. mes” " #6 (CHESTER, V)
% [
S R
-~ !
“ #4 (COLLIERSVILLE, NY) g i #5 (UXBRIDGE, MA)
I T TIMANCHESTER, C'l_'r__ H .
#7 (3ridge No, 76-68-7) @ | i$3 (PROVIDENGE, Rl)

#8 (Bridge No. 7T6-B8-B) <
#9 (Bridge No. 75—53—9}.;~f$9UTHINGT0N. cT)

#10 (Bridge No.78-88-3) ;

Reference: Gifford et al. (1987)

Summary of Structures

+ 20 footings
* Ten instrumented bridges in northeastern US
— Five simple-span bridges
— Five continuous-span bridges
— Four 1-span, two 2-span, three 4-span, and one 5-
span
* Nine bridges were highway structures

» One 4-span bridge carried railroad traffic across an
interstate highway
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Instrumentation

SETTLEMENT M APPLIED LOAD

RERR|

» OPTICAL SETTLEMENT POINTS
» SETTLEMENT PROFILER

Figure 2, Settlesent equipment for structures.

CONTACT STRESS
DEEF GETTLEMENT

Figure 4 Contact stress and test Toading.

¥ APPLIED LOAD

BOMDEX SETTLEMENT " CONTACT STRESS
i -~ REFEMENCE MiNGE il DEEP SETTLEMENT
3. SETTLEMENY PLATFORMS
B BONDEX DEEF BETTLOMENT SvSTEM Figure 7. Conceptual plan: fully instrumented bridge.
Figure 3, Settlemsont equipment in goil. 1

Reference: Gifford et al. (1987)

) TILT/OVERTURNING

Figure 5, Tilt measurenent equipment.

Data for Measured and Predicted
Settlement

WP Table 9-2
Settlement (in.)
Predicted (C d) (Sp)
Site Measured Roens Burland
(Sw) Schmertmann Hough D’Appolonia B and
azzara 5
Burbridge
#1 0.35 0.79 0.75 0.65 0.29 0.30
#2 0.67 1.85 0.94 0.39 0.16 0.12
#3 0.94 0.86 1.21 0.30 0.19 0.13
#4 0.76 0.46 1.46 0.58 0.36 0.39
#5 0.61 0.30 0.98 0.38 0.42 0.57
#6 0.42 0.52 0.61 0.50 0.17 0.34
#7 0.61 0.18 0.40 0.19 0.30 0.19
#8 0.28 0.30 0.60 0.26 0.16 0.14
#9 0.26 0.18 0.53 0.20 0.16 0.1
#10 0.29 0.29 0.40 0.23 0.16 0.09
#11 0.25 0.36 0.47 0.29 0.16 0.06
#14 0.46 0.41 1.27 0.57 0.50 0.40
#15 0.34 1.57 1.46 0.74 1.36 1.61
#16 0.23 0.26 0.74 0.39 0.17 0.17
#17 0.44 0.40 0.82 0.46 0.28 0.23
#20 0.64 1.21 0.33 0.10 0.07 0.65
#21 0.46 0.29 1.05 0.49 0.21 0.54
#22 0.66 0.54 0.84 0.56 0.52 0.31
#23 0.61 1.02 1.39 0.61 0.34 0.64
#24 0.28 0.64 0.99 0.59 0.33 0.44
Note 1: Gifford, et al. (1987) notes that data for footings at Site #12, #13, and #18 were not included because construction problems at
these sites resulted in disturbance of the subgrade soils and short term settiement was increased. Data for footing at Site #19 appears to be
anomalous and have been excluded in this table and Figure 9-1 12
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Data for Immediate Settlement of

Spread Footings

WP Figure 9-1 N

w 1.0 ’:’

(] i
= i

%]
-E * Schmertmann

g S i =-.;’ & ¢ “ “ough
u’_‘ 0'5 T e f,l‘:“ at E a .:e:?::::rra
g e . g E X & = + Burland and Burbidge
3

wv

©

g 0.0 . t T

0.0 0.5 1.0 1.5 2.0
Predicted (Calculated), S,, inches
13

e
in

Measured, inches

=
o

0.0 0.5 1.0 15 2.0

Predicted (Calculated), inches

* Accurate method: S, =S,, > Sp/ S, =1.0
« Accuracy, X =Sp/S,, Bias, A=1/X=S,/Sp

Concept of Accuracy is used herein

» Accuracy, X, is a random variable 14
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Data for Accuracy, X (=S;/S,,)

WP Table 9-3
Accuracy, X (=Sp/Sy)
Site " . Peck and Burland and
Schmertmann Hough D’Appolonia [ Burbridge
#1 2.257 2.143 1.857 0.829 0.857
#2 2.761 1.403 0.582 0.239 0.179
#3 0.915 1.287 0.319 0.202 0.138
#4 0.605 1.921 0.763 0.474 0.513
#5 0.492 1.607 0.623 0.689 0.934
#6 1.238 1.452 1.190 0.405 0.810
#7 0.295 0.656 0.311 0.492 0.311
#8 1.071 2.143 0.929 0.571 0.500
#9 0.692 2.038 0.769 0.615 0.423
#10 1.000 1.379 0.793 0.552 0.310
#11 1.440 1.880 1.160 0.640 0.240
#14 0.891 2.761 1.239 1.087 0.870
#15 4.618 4.294 2.176 4.000 4.735
#16 1.130 3.217 1.696 0.739 0.739
#17 0.909 1.864 1.045 0.636 0.523
#20 1.891 1.641 0.766 0.328 0.844
#21 0.630 1.826 1.217 1.130 0.674
#22 0.818 2.106 0.924 0.515 0.970
#23 1.672 1.623 0.967 0.541 0.721
#24 2.286 2.179 1.286 0.893 1.286

Statistics of Accuracy,

X (=S,/8S,)

WP Table 9-4
- ) .| Peck & | Burland &
Statistic | Schmertmann | Hough | D’Appolonia Bazzara | Burbridge
Count 20 20 20 20 20
Min 0.295 0.656 0.311 0.202 0.138
Max 4.618 4.294 2.176 4.000 4,735
u 1.381 1.971 1.031 0.779 0.829
o 1.006 0.769 0.476 0.796 0.968
Ccv 0.729 0.390 0.462 1.022 1.168
Legend:
p = Mean
o = Standard Deviation
CV = Coefficient of Variation (= o/p)
16
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Schmertmann Data

WP Figure 9-2a,b

1.0

g 1 " Histogram
= i . e - » * E i
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Predicted (Calculated), inches Aceuracy, X [Predicted/Measured)

Accuracy Dats for Schenarimann ot al (1978) - Full Data Fit

» Data are non-normal

* Which Probability
Distribution Function
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represent non-normal | sk
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Reference for PDF Schematics: @Risk by Palisade Corporation

Calibration concept applies regardless of

PDF chosen
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Non-Normal Data
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Non-Normal Data

13 -
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Convert PDF to CDF

Example: Schmertmann
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CDFs for Different Prediction

Methods

WP Figure 9-7

1.0 e
0.9 - :
0.8 -
0.7 4
0.6 - ,f'
o5 4 i
0.4 -

—Schmertmann

Cumulative Probability of Occurrence

1
~ i '
03 / J - - Hough
0.2 - ‘ ---D'Appolonia
i b —  Peck and Bazarra
01 4/ 2 | ----Burland and Burbrige

0.0 +- T T T T T T T T T T T

Accuracy, X (Predicted/Measured)

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 45 5.0 55 6.0

23

Generate Probability Exceedance

Chart (PEC) from CDF

Example:
Schmertmann g

NN INTLI0TL AT AnA N LA A
Accuracy, ¥ [Prediced/Measured)

= 100%
s 90%
K]
2 B80% 3,=15inch
B 70% 4
ﬁ £ 60%
m o
% E 50%
2 £43% <%
5” 30%
o
£ 21%<e {
% 10% 1 /
£ 0% :
0.0 1.0 20 3.0 4.0 5.0
1.0 1.5
Predicted Settlement, inches

24
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PEC with Family of Curves

Probability of Exceedance of

Tolerable Settlement

A
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>
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Predicted Settlement, inches

25
25

Load Factor ys

Probability of Exceedance of

Tolerable Settlement
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Pt 12
L7 ~ O3
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l’ ./.
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i .
e
: 4, /-
1 s .
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) '},’ s .
T Deformation Load
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A
Y
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Predicted Settlement, inches
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For Schmertmann Method

100%
2 g 70% —E
2% o |
“L;ﬂ 50% E
> o 40% -
25 wi
=8 20%°f
g 10% £

0% =55
0.0

Predicted Settlement, inches
—1-inch ----1.5-inch ---2-inch —-2.5-inch —-3-inch

Probability of Exceedance, P, For
Structural Limit States
WP Table 9-11
. A Approx P,
Limit State Target Reliability Index, B, (Note 1)
Fatigue | and Fatigue Il limit 10 16%
states for steel components
Fatigue | for compression in 0.9 (Compression) 18%
concrete and tension in .
: 1.1 (Tension) 14%
reinforcement
Tension in prestressed concrete 1.0 (Normal environment) 16%
components 1.2 (Severe environment) 1%
Crack control in decks* 1.6 (Class 1) 5%
1.0 (Class 2) 16%
Service Il limit state for yielding of o
steel and for bolt slip* 18 4%
Note 1: P is based on “Normal” Distribution
* No desire to change 28
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Apply the Reliability Analysis Procedure

» Express probability of exceedance, P, in terms of
reliability index, 3

29

Express B in Terms of P,

» Conventional definition of

B= Rmean — Qmean
2 2
OR+t0q

» Using Microsoft Excel, the relationship can be expressed
as follows:

B = NORMS|NV(1 'Pe) WP Equation 9-3

30

Lesson 8

15



Reliability Index p vs P, for
(13 bE H H H
Normal” Distribution
Reliability Index, p
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0
0.00000001 i) ) i i i i Ao i i i 1in 100,000,000
o E c : g’: E )
O 0,00000010 ¥ 2 ! T : + 1in10,000,00 n:
o 4 ol = - [
o 3 3| o 1 . o
g 0.00000100 + ° : 1 / f 1in 1,000,000 g
® c ! ol / 2
b 0.00001000 O ;' 1 1in 100,000 ]
3 HELEY4 2
« 0.00010000 O 1in 10,000 [
) 3 O e 9]
> E E >
g 0.00100000 [ ut:ljng h x 1in 1,000 E
E Limit | |, 5 2
< 0.01000000 S S — f 1in 100 e
° E P 3 g
a ] ] o
0.10000000 <+ o~ T 1in10
Se|rvic ]
1.00000000 = 4+ 1in1 31

What Value of 3 to Use?
Rellabliity Index, p
[ 1] [ %] 10 15 20
ﬂ: 1% 1in100 n_'
§ fs g
‘I§ 1% / Tin18 g
£ £
%50% £
o 0% 1in1 E
What about consequences?
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What Value of 3 to Use?

P., %

e’

25 | 0674 [ 39 | 0279

26RH Balo2s R R o oz

ZANIEEE] HENHD2E
28 | 0583 ]| 42 | 0.202
7.036N Asiieke
2 0.994 47730 44 | 0.151

45 | 0.126

46 | 0.100

. 47 | 0.075

----- Reversible B 0.050
Irreversible MRS

Prmmageoe 50 | 0.000

33

2.00 3.25 1.15 2.95 5.65 7.85

2.50 4.50 1.40 3.80 7.70 11.60

3.00 6.20 1.70 4.90 10.50 17.05

3.50 8.60 2.05 6.30 14.35 25.10
Legend: S: Schmertmann, H: Hough, D: D’Appolonia, P&B: Peck
and Bazarra, B&B: Burland and Burbridge

34
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Review of Results and Development of
Load Factor for Settlement, y5

* Plot the results and observe the trends

35

Development of y, Based
on 3 Value
P&B
35 ¢
01 B&B
. 251
3,04
£ : Current g = 1.65
:‘E 15 T
2 : B=1.00
0s | B =0.50
0.0 —:
0 1[2 3 4 S5 6 7 8 9 10 11 12 13 14 15
Load Factor for Settlement, v,
Yse=1.25- Lye=1.70
—a—Schmertmann () —B-Hough [H) —=U'Appalonia (U] ——Peck & Bazarra (P&B) —+—Burlzand & Burbridge (B&8) 36
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Step 7

Select Value of y

» Based on consideration of irreversible (f = 1.00)
and reversible-irreversible (f = 0.50) limit states
or any other owner specified value of 3 based
on local practice as appropriate

Key Points

A step-by-step process for implementation of
calibration process for foundation deformations
is available

* Microsoft Excel® can be used for the
calibration process

— See example in Section 9.2.5 (Step 5) of
White Paper

Lesson 8
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STRATEGIC HIGHWAY RESEARCH

Foundation Deformations
Chapter 10 - Meaning and Effect of yg in Bridge
Design Process

Naresh C. Samtani, PhD, PE
NCS GeoResources, LLC

May 24, 2017

AMERICAN ASEOCIATION
e or BETATE HIOHWAY awn
TRANSPORTATION OFFICIALS
U.5. Department of Transportation _I_
Federal Highway Administration A A S H D

Learning Outcomes

* Understand the meaning of yg load factor
in context of bridge design

» Understand the effect of yg¢ load factor in
context of bridge design

40
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Meaning and Use of y,

WP Figure 4-1
Reduced Clearance

Nonuniform Settlement Irregular Settlement

» Bridge deck (superstructure) implications
— Force effect (e.g., moment) = func (El/Lg, A4/Ls)

* Implications for facilities at abutments (e.g., joints,
approach slabs, utilities, etc.), roadway grade, and
vertical clearance

Effect of Foundation Deformations

On Superstructures

» For all bridges, stiffness should be appropriate
to considered limit state

» The effect of continuity with the substructure
should be considered

» Consider all viable deformation shapes

» For concrete bridges, the determination of the
stiffness of the bridge components should
consider the effect of cracking, creep, and other
inelastic responses

Lesson 8
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Some Observations

» Deformations generate additional force effects
— Load factor of SE is similar to PS, CR, SH, TU, and TG

+ The value of yse must not be taken literally:

— vse = 1.25 does not mean that the total force effects
will increase by 25%

— 7Yse IS only one component in a load combination

+ Use of construction point concept in conjunction with yg¢
incorporates force effects related to expected sequence of
construction along with quantification of uncertainty in
predicted deformations

43

Some Observations

* In general, the factored design force effects for shorter
spans will be affected by the proposed provisions more
than longer spans

+ The additional moments due to effect of deformations are
very dependent on the stiffness of the bridge (El/Lg) as
well as the angular distortion (A4/Lg)

 In performing the design, if including the settlement
decreases a certain force effect at a section, the force
effect calculated ignoring the effect of the settlement
should be used for the design

44
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Results of Initial Limited

Parametric Study

» Several 2- and 3-span steel and pre-stressed concrete
continuous bridges from NCHRP Project 12-78

— Considered full angular distortion (Moulton’s criteria)

+ Finding: An increase in factored Strength | moments on
the order of as little as 10% for the more flexible units to
more than double the moment from only factored dead
and live load moments for the stiffer units

— Finding is based on elastic analysis and without
consideration of creep, which could significantly
reduce the moments, especially for relatively stiff
concrete bridges

— Additional examples were developed to study effects

Key Points

» The yg load factor is just one of the several load factors
in a load combination

 Use of construction point concept in conjunction with yge
incorporates force effects related to expected sequence

of construction, along with quantification of uncertainty in

predicted deformations

46
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M _

TRAM

Foundation Deformations
Chapter 11 - Incorporating Values of of yg in AASHTO
LRFD

Naresh C. Samtani, PhD, PE
NCS GeoResources, LLC

May 24, 2017
Q et
U.5. Department of Transportation _I—
Federal Highway Mms::)tstratlon A A S H D

Learning Outcomes

* Understand how the y¢ load factor is
proposed to be incorporated into
AASHTO LRFD

48
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Proposed Modifications to

AASHTO

Article 10.5.2 — “Service Limit States”

* Article 10.5.2 is cross-referenced in articles for
various foundation types such as spread
footings, driven piles, drilled shafts, micropiles,

retaining walls, joints, etc.

* Making change in Article 10.5.2 will permeate
through all the relevant sections of AASHTO

LRFD

49

Section 3, Table 3.4.1-3

WP Figure 3-3

Bridge Component PS CR, SH
Superstructures—Segmental 1.0 | See y for DC,
Concrete Substructures supporting Table 3.4.1-2
Segmental Superstructures (see 3.12.4,
3.12.5)
Concrete Superstructures—Non-Segmental | 1.0 1.0
Substructures supporting Non-Segmental
Superstructures
e using |, 0.5 0.5
o USING logective 1.0 1.0
Steel Substructures 1.0 1.0

* Include the ¢ in above table or develop a

similar table

50
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Section 3, New Table 3.4.1-4

For vy

WP Table 11-1
Deformation SE

Immediate Settlement
¢ Hough method 1.00
e Schmertmann method 1.25
e Local method *
Consolidation settlement 1.00
Lateral deformation
e P-y or SWM soil-structure interaction method 1.00
e |ocal method *
*To be determined by the Owner based on local geologic conditions

51

Key Points

» The yge load factor is proposed to be
incorporated into AASHTO LRFD using
treatment similar to those for other
superimposed deformations

« Making a change in Article 10.5.2 will permeate
through all the relevant sections of AASHTO
LRFD

52

Lesson 8 26



Foundation Deformations
Appendix B - Application of yg: Load Factor

Naresh C. Samtani, PhD, PE
NCS GeoResources, LLC

May 24, 2017
Q | o =
Pl sy A AASHIO

Learning Outcomes

+ Learn the application of the y4 load factor
for computation of factored deformations
through a numerical example

54
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Application of y,c Load Factor

— Appendix B

WP Figure 6-1 (a) and (b)

lZ E ] Factored Load
) tlo (Strength Limit)| || F
Y (WearlngSurface g s Dt I'\'i:
_‘_'(—Superstructure T
construction
X 2 5 Long - term settlement
S ¥ (if applicable)
«—Substructure
Service Load
o X (Service Limit)
¢ Foundation
1 w (shallow or deep) w
Settlement
Sw Sx s, s, (Vertical Deformation)

» Implications for facilities at abutments (e.g., joints,
approach slabs, utilities, etc.), roadway grade, and
vertical clearance

Application of y,c Load Factor

— Appendix B, Example

* Four-span bridge
* Immediate settlement
— Two methods:
* Hough = yge = 1.00
« Schmertmann = yge = 1.25
+ Consolidation (long-term) settlement = y5c = 1.00

56
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Application of y,- Load Factor

— Appendix B, Example

WP Table B-1
Unfactored Predicted Settlements
Immediate Settlement (NOTE 1) Total
Support Relevant
Element Consolidation | Settlement,
Total Prediction Settlement (in.) S, (in.)
(in.) [Relevant (in.) Method (NOTE 2) (NOTE 3)
Abutment 1 1.90 0.80 Schmertmann 2.00 2.80
Pier 1 3.20 1.90 Hough 3.60 5.50
Pier 2 2.00 0.90 Hough 3.20 4.10
Pier 3 2.10 1.20 Schmertmann 4.00 5.20
Abutment 2 1.50 0.70 Schmertmann 1.90 2.60

NOTE 1: The total immediate settlement is based on the assumption of instantaneous
application of all loads while the relevant settlement is based on the assumption of
loads due to superstructure only. With respect to Figure 6.1, the relevant
immediate settlement is based on loads after the completion of the substructure. In
other words, the difference between the total and relevant values represents the

magnitude of settlement that occurs prior to the construction of the superstructure.
NOTE 2: The consolidation settiement is based on the total load of the structure.

NOTE 3: The total relevant settlement is obtained by adding the relevant immediate

settlement and the consolidation settlement. 57

Settlement Profiles

* Profiles of total immediate and final settlement

* Consolidation settlement = Final settlement — Total
immediate settlement

Length, ft
0 50 100 150 200 250 300 350 400

0.00 4 ' } " I T—— ; }
3 200 E . : —
s L. . — = " TTotal immediate !
£ 400 ' ;
- -~ e : N
é 6.00 5 0 Final total €
g 800 § & onsolidation 2

1000 £ 3 3
o . .

— < Pier 2 Pier 3 <

58
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Settlement Profiles

» Total relevant immediate profile
* Final relevant settlement

Length, ft
0 50 100 150 200 250 300 350 400

o000 +-+—r+—r——"V—"r—rr—r—+r—r-—r—r—+—rr—t -ttt
w H _ o |
2 200 — s S E— e —
o] ) .. i ! Total immediate | ]
£ 400 m— — l/
ey - - - -___-_-___'_’."'_"—’ N
§ — Final total =
E s00 Consolidation [}
o o ; S
k= 160 Final relevant =
a Pier 1 Pier 2 Pier 3 <

12.00

59

Application of y,c Load Factor

— Appendix B, Example

» For the data in the four previous slides, develop the
factored total relevant settlement, S;, values that will be
used for bridge structural analysis

60
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Application of y,- Load Factor

— Appendix B, Example

* Abutment 1
— vge = 1.25 for Schmertmann method
— vsg = 1.00 for consolidation settlement
— Thus, S; = (1.25)(0.80 in.) + (1.00)(2.00 in.) = 3.00 in.

61

Application of y,c Load Factor

— Appendix B, Example

* Pier1
— vsg = 1.00 for Hough method
— vse = 1.00 for consolidation settlement
— Thus, S;=(1.00)(1.90 in.) + (1.00)(3.60 in.) = 5.50 in.

62
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Application of y,- Load Factor

— Appendix B, Example

* Pier2
— vsg = 1.00 for Hough method
— vsg = 1.00 for consolidation settlement
— Thus, S;=(1.00)(0.90 in.) + (1.00)(3.20 in.) = 4.10 in.

63

Application of y,c Load Factor

— Appendix B, Example

* Pier3
— vgg = 1.25 for Schmertmann method
— vse = 1.00 for consolidation settlement
— Thus, S;=(1.25)(1.20 in.) + (1.00)(4.00 in.) = 5.50 in.

64
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Application of y,- Load Factor

— Appendix B, Example

* Abutment 2
— vge = 1.25 for Schmertmann method
— vsg = 1.00 for consolidation settlement
— Thus, S; = (1.25)(0.70 in.) + (1.00)(1.90 in.) = 2.78 in.

65

Application of y,c Load Factor

— Appendix B, Example

Support Element |Factored Total Relevant Settlement, S; (in.)
Abutment 1 3.00
Pier 1 5.50
Pier 2 4.10
Pier 3 5.50
Abutment 2 2.78
Total relevant Length, ft
250 300 350 400
0.00 e e e
8 500 ; oo -
g 4.00
- — — -
£ 6.00 :
£ Final total
£ o d total relevant
Fact
E 10.00 actore
12.00

66
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Key Points

+ Different values of the ys¢ load factor along a
bridge structure depending on the method of
analysis can be easily incorporated into the
bridge design process

67
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Foundation Deformations

Lecture 9
White Paper Chapter 12 to Chapter 15, Appendix D,

and Appendix E

Naresh C. Samtani, PhD, PE
NCS GeoResources, LLC

Central Federal Lands
May 23-24, 2017

([

U.5. Department of Transportation _I__
Federal Highway Administration A A S H D

_ _
SHRP2S

STRATEGIC HIGHWAY F PRC

Foundation Deformations
Chapter 12 - The “S-0” Concept

Naresh C. Samtani, PhD, PE
NCS GeoResources, LLC

May 24, 2017
(] |
el ity Ao AASHID
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Learning Outcomes

» Learn how to incorporate the concept of
extreme values of differential settlements
into bridge design process

* Introduce and explain the S;-0 concept

Superimposed Deformations

— Article 3.12.6

Article 3.12.6 — Settlement
* “Force effects due to extreme =

values of differential settlement - = —
among substructures and within W -
individual substructure units shall =~ ==« == e

Festrg

be considered.”

Commentary

* “Force effects due to settlement may be reduced by
considering creep. Analysis for the load combinations in
Tables 3.4.1-1 and 3.1.4-2 which include settlement
should be repeated for settlement of each possible
substructure unit settling individually, as well as
combinations of substructure units settling, that could
create critical force effects in the structure.”

Lesson 9



Article 3.12.6 — Extreme Values and

Combinations

Abutment 1 Pier 1 Pier 2 Pier 3 Abutment 2

L ST L 52 i S3 L Ls4 1
"Span1 " Span2 " Span3 ' Span4 '
A 3?1 S_fg__ Ses Sp2

Abutment 1 Pier 1 Pier 2 Pier 3 Abutment 2

L ST L 52 i S3 L Ls4 1
"Span1 " Span2 " Span3 ' Span4 '
Sﬂ? Sﬂ SP2 -§P3 SAZ

Factored Angular Distortions Based
on Construction-Point Concept

Abutment 1 Pier 1 Pier 2 Pier 3 Abutment 2

ke LSI L LSZ L Lss n Ls4 N|

"Span1 " sSpan2 ' Span3 ' Span4

Abutment 1 Pier 1 Pier 2 Pier 3 Abutment 2
L La L Lo 0 Lgs 1 Ls J
" Span1l " Span2 Span3 ' Span4
Sea Stp1 ‘Sf-PZ St.p3 St.a2

PP I TS H —a T

Lesson 9



Key Points

* The AASHTO LRFD requirement to consider
extreme values of differential settlements into
bridge design process can be considered
through the S;-0 concept

Foundation Deformations
Chapter 13 - Flow Chart to Consider Foundation
Deformations in Bridge Design Process

Naresh C. Samtani, PhD, PE
NCS GeoResources, LLC

May 24, 2017
e AMERICAN ASEOCIATION
or BETATE HIOHWAY awn
THANSPORTATION OrFiCiALS
U.5. Department of Transpori tatian ﬁ
Federal Highway Administration A A S H D
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Learning Outcomes

* Introduce and explain a flow chart to
incorporate the y4 load factor into the
AASHTO LRFD bridge design proces.

9
Start
’ Refined (Deformation) L I
CY) eel (D formution) Lo
Collect data elined (Deformation) Loop |
Establish preliminary proportions. I
]
v ]
'y ]
]
gy Comsider force efficts due to SecNote] | substructurefoundstion location using the :
. = deformation, &7 T & applicable permanend loads in ihe Serviee | losd | |
WP F|gure 13-1 : ‘combination and construction poi comsept |
]
Na ]
I' I * |
" i FRE Select v based om the specific 1
1 | methad wsed for calculation of § ]
Pz 1 |
Determine applicable loads and HRE: ]
nalyze force ciliets other than deform: % 2| s ; !
analy E £ Compute fxctored deformation, Sy at |
x 1 |E 1
L Form boad combinations ] :
]
v I v ]
P Check resistances for ] PRA] s 8-0 concept as applicable 1
applicable limit states I 10 determine factored angular distonion. Az, | |
3 I within cach span, s 1
PLS| Consistent with owner palicy I All viable deformed shapes should be |
and unless already done, calculate deformation, ! evalusted. i
8, using the spplicable permanent boads in the : |
v
Service | load conshinatic
ervice comhination ] No :
b )
P Consistent with owner policy i ] ot i A :
and unless already done, check tolerable 11 acceptable? See Note 2 1
deformation, §; 1 !
I y ]
v Yes
No 1 ¥ :
+ . o PRS|
o Chritaria has i Continue bridge analysis by |
) H incorparating the induced force effects duc ta | |
g Ve I factored deformation, & See Note 3. |
End I !
Note 1: 1t may be efficient to run some carly design crations without including this boop until the proportioas of the
bridge are well develaped, and then inchude this loop 1o consider the force effects from differential deformations.
“ompare Ay bo permissible angular distartion criteria and & to permissible values at abutment interfaces and
within spans. in terms of vertical chearance under bridge. Guidance in Article 10.5.2 may be wsed 1o establish
permissible vabics. Owner may establish otber permissible valacs.
Nate 3: Note that the yu is used to factor the deformations as shown in this Now chart. 7o also appears in Table
34.1-1 {Load Combinations and Load Factors).  This does not imply a second application of v in the load
combinations but rather it is an acknowledgement that the deformations have already been fctored. Use of the| 4

factored deformations in 3 strsctural sis program ensisres that the cutpst is facsored va
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Stari
L

Collect data
Establish preliminary proportions

PLI

¥
>
¥

WP Figure 13-1

i Consider force effects due 10

&, using
Service | load combination

¥
L) Consistent with owner policy

deformation, &;
No r

Criteria Met?

No
¥
-
¥
ol [P2 i +
%5 Determine applicable loads and
g g analyze force effects other than deformation
==
= L
E PL3 y :
Form load combinations
PL4 Check res
applicable |
¥
PLS Consistent with owner policy

and unless already done, check tolerable

See

and unless already done, calculate deformation,
applicable permanent loads in the

e e
| fing: efio ) D0
|
|
|
|
'
Yos FR1 . .
e ] Calculate & at each

“"‘. substructure/ foundation location using the

& applicable permanent I« n the Service | load

combination and construction paint concept

- v
PR2) Select v based on the specific

method used for calculation of &

¥
Compute factored deformation, Sy at
each substructure/ foundation location
8= sz (8)

PR3

£
]
E

I

|

!

|

!

I

|

!

|

!

|

|

|

!

| : v

| PR Use -0 concept as applicable
| 1o determine factored angular distortion, A
! within each span, L.
| All viable deformed shapes should be
: evaluated.

!

|

|

!

|

!

|

|

!

|

|

!

|

Yes

PRS . X .
Continue bridge analysis by
incorporating the induced force effects due to
factored deformation, &, See Note 3.

Key Points

streamlined manner

» The yge load factor can be incorporated into
the AASHTO LRFD bridge design process in a
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STRATEGIC HIGHWAY RESEARCH

Foundation Deformations

Chapter 14 - Modifications to AASHTO LRFD Bridge
Design Specifications

Naresh C. Samtani, PhD, PE
NCS GeoResources, LLC

May 24, 2017

AMERICAN ASEOCIATION
e or BETATE HIOHWAY awn
TRANSPORTATION OFFICIALS
U.5. Department of Transportation _I_
Federal Highway Administration A A S H D

Learning Outcomes

» Discuss and understand the proposed changes
to Section 3 of AASHTO LRFD

» Discuss and understand the proposed changes
to Section 10 of AASHTO LRFD

Lesson 9
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Applicable AASHTO LRFD
Sections

» Applicable sections in AASHTO LRFD
— Section 3: Loads and Load Factors
— Section 10: Foundations

» Section 3: Loads and Load Factors
— Articles 3.4.1 and 3.12.6

» Section 10: Foundations
— Article 10.5.2

15

Applicable AASHTO SCOBS

Technical Committees

+ SCOBS: Subcommittee on Bridges and
Structures

* Applicable technical committees
— T-5: Loads and load distribution
» Responsible for Section 3 in AASHTO LRFD
— T-15: Substructures and Retaining Walls

* Responsible for Section 10 in AASHTO
LRFD

16
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Proposed Agenda Items for

Balloting

e For T-5 technical committee

— See Appendix D in White Paper for
modifications to Section 3 of AASHTO LRFD

e For T-15 technical committee

— See Appendix E in White Paper for
modifications to Section 10 of AASHTO LRFD

Appendix D: Proposed Modifications

To Section 3 of AASHTO LRFD

+ Highlights
— Modifications to Article 3.4.1 (“Load Factors
and Load Combinations”)
* New table of ys¢ load factors (Table 3.4.1-5)
» Additional specifications
 Additional commentaries

Lesson 9
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Appendix E: Proposed Modifications

To Section 10 of AASHTO LRFD

* Highlights
— Modifications to Article 10.5.2 (“Service Limit State”)

» Additional specifications
* Additional commentaries

— Modifications to Article 10.6.2 (“Service Limit State
Design”)
» Add Schmertmann method
» Additional specifications
» Additional commentaries

— Additional appendices

» Appendix B10: Explain bridge design process with new provisions
through use of a flow chart

» Appendix C10: Explain construction-point and S;-0 concepts

Key Points

« Changes will be proposed to Section 3 and
Section 10 of AASHTO LRFD

20
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Foundation Deformations
Chapter 15 - Application of Calibration Procedures

Naresh C. Samtani, PhD, PE
NCS GeoResources, LLC

May 24, 2017

AMERICAN ASEOCIATION
or BTATE HiOHWAY
TRANSPORT,

ATioN OrFFiCiALS
U.5. Department of Transportation _I_
Federal Highway Administration A A S H D

Learning Outcomes

» Discuss and understand the classes of
problems that can be tackled by the calibration
procedures in the White Paper

22
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Application of Calibration

Procedures

+ Although the focus of the work is on calibration
of foundation deformations, the calibration
procedures are general and can be considered
for calibration of any civil engineering feature

» Two classes of problems that can be treated
using the calibration procedures for foundation
deformations are:

—Class A
—Class B

23

Application of Calibration Procedures

— Class A Problems

» Situations where consideration of deformations
of load and resistance

WP Figure 8-2 o Q

is required to inform the “two-hump” distributions

24
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Application of Calibration Procedures

— Class B Problems

» Situations where there is so little data on the distribution
of either loads or resistances, or their proxies, that one
needs to be considered as determinant, where there is
no variability and Monte-Carlo simulation is unstable

WP Figure 8-6

fir.Q)

Iu'l \ Probability of
},a' \ Exceedance, P,

e \?-i. ar

25

Application of Calibration

Procedures

« Extension to strength limit state is also possible

WP Figure 8-2 WP Figure 8-3

ra) | [ R
1 Load, Q

a, #, ) (Resistance, R)

\

-

aR

I L]
o

Limit State

Strength Limit State \
" ["Nominal Resistance level

Deformation, &

m

&

o
z

26
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Application of Calibration
Procedures

» For development of ys¢ load factors for other
types of deformations

* Some examples:
— Lateral deformation of deep foundations
— Face movements of MSE walls
— Pullout resistance of soil reinforcements

Key Points

» The calibration procedures in the White
Paper can be applied to problems beyond
foundation deformations

Lesson 9

14
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Learning Outcomes

* Demonstrate the application of the proposed
changes in AASHTO LRFD by example
problem(s)

Impact on Bridge Design

* Three examples in Appendix C of White Paper
— With input and assistance from Dr. Wagdy Wassef (AECOM)
Example 1

— Two span bridge, 100 ft long

— Span lengths: 50 ft, 50 ft

» Example 2

— Four span bridge, 961 ft long

— Span lengths: 168 ft, 293 ft, 335 ft, 165 ft
Example 3

— Five span bridge, 660 ft long

— Span lengths: 120 ft, 140 ft, 140 ft, 140 ft, 120 ft

Lesson 10



Predicted Unfactored Total

Settlements, S, (WP Table C-2)

S; based on Service | load combination (TOTAL)

Predicted Unfactored Total Settlements, S, (in.)

Abutment 1 Pier 1 Pier 2 Pier 3 Abutment 2
1.90 3.90 4.80 1.90 2.50
Length, ft
0 100 200 300 400 500 600 700 800 900 1000
0 + } et : } } { + }
vy o E i
g1+ | :
[*] o '
£2 & :
U o~
g3 te =
£ E O [)
94 tE g
£s 3 . : 3
u g F<C Pier 1 Pier 2 Pier 3 <

Estimated Unfactored Relevant

Settlements, S, (WP Table C-3) A

S, based on construction point concept

Estimated Unfactored Relevant Settlements, S,, (in.)
Abutment 1 Pier 1 Pier 2 Pier 3 Abutment 2
0.95 1.95 2.40 0.95 1.25

Length, ft
800 1000

Settlement, inches
G o B W N = O

Abutment2

—
|
1-
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Factored Relevant Settlements,

S, (WP Table C-4)

St = vse (Sw)

Factored Relevant Settlements, S, (in.) using yse = 1.25

Abutment 1 Pier 1 Pier 2 Pier 3 Abutment 2
1.19 2.44 3.00 1.19 1.56
Length, ft
0 100 200 300 400 500 600 700 800 900 1000
s0- i} a‘ne‘i} } A
S1&s | | Se_ - W=T=p
£2 -~ -

R T Sy = i
g3 = =3 =
£ : : )
g4 £
s 2
a Pier 3 <

Evaluate Factored Angular

Distortions, A ; (WP Table C-4)

Factored Angular Distortion, Ay (rad.)
Mode 1: 5; at the left end of the span divided by the span length

0 100

200 300

400

500 600

Span 1 Span 2 Span 3 Span 4
0.0006 0.0007 0.0007 0.0006
Mode 2: Sy at the right end of the span divided by the span length
Span 1 Span 2 Span 3 Span 4
0.0012 0.0009 0.0003 0.0008

Length, ft

700

800 900 1000

Settlement, inches
o B W N e O
Abutment 1

Abutment 2

Pier 3
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Example 2: Four-Span Bridge

WP Table E2-M1

Moment (kip-ft)

Span1- . Span 2 - . Span3 - h Span 4 -
Pier 1 Pier 2 Pier 3
o4l | T os | T oL | 7T | oaL
Unfactored DL moment (No Settlement) 3884| -15561 8001| -33891| 13513| -25824 1651
+ve 6401 2807 8639 1166 9741 2662 4379
Unfactored LL moment
-ve -3171| -10609| -3174| -13208| -2257| -14582| -2270
Unfactored effect of 1 in. settlement at
-329 -822 =273 278 84 -110 =22
Abutment 1
Unfactored effect of 1 in. settlement at
. 702 1753 609 -534 -161 212 43
Pier 1
Unfactored effect of 1 in. settlement at
" -469 -1174 -79 1016 344 -328 -65
Pier 2
Unfactored effect of 1 in. settlement at
Pier 3 192 452 -479 -1409 321 2050 411
Unfactored effect of 1 in. settlement at
-82 -208 221 651 -587| -1825 -364
Abutment 2

Unit Settlements at Supports

Abutment 1
Length, ft
200 300 400 500 &0 700 ROO 200 1000
Length, ft
'] 100 200 300 400 500 &0 700 ROO 200 1000
an - + 4 + -+ il
Eos
E10
o
E 15
i?ﬂ
3?.5
30
Pier 2
Length, ft
0 100 200 300 400 500 600 700 ROO 00 1000
an ————+ + + -+ 4
gu.s
E10
o
E1s
i:n
3?.5
30

Abutment 2

a0
E as
E1o
o

g1
E

0
gz.s

30

a 100

200 00

Length, ft
400 500 &00

00 A0O

200 1000

!

* Use linear scaling and

superposition to develop force
effects (moments and shears)
due to settlements
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Example 2: Four-Span Bridge
WP Table E2-M5 Moment (kip-ft)

Span1l- Span 2 - Span 3 - Span 4 -

0.4L Pier 1 0.5L Pier 2 0.5L Pier 3 0.8L
Unfactored DL moment (No Settlement) 3884| -15561 8001 -33891| 13513| -25824 1651
Unfactored LL moment +ve 6401 2807 8639 1166 9741 2662 4379
-ve -3171| -10609 -3174| -13208 -2257| -14582 -2270
Effect of unfactored S, at Abutment 1 -313 -781 -259 264 80 -105 -21
Effect of unfactored S, at Pier 1 1369 3418 1188 -1041 -314 413 84
Effect of unfactored S, at Pier 2 -1126 -2818 -190 2438 826 -787 -156
Effect of unfactored S, at Pier 3 182 429 -455|  -1339 305 1948 390
Effect of unfactored S, at Abutment 2 -103 -260 276 814 -734| -2281 -455
Total unfactored effect of S, at all |+ve 1551 3848 1464 3516 1210 2361 474
supports -ve -1541| -3859 -904| -2380| -1048| -3173 -632
Total factored effect of sett using |+ve 3103 7696 2928 7033 2421 4722 949
vse =1.00 and S, -ve -3081 -7717 -1808 -4760 -2095 -6346 -1264
Total factored effect of sett using |+ve 1939 4810 1830 4395 1513 2951 593
Yse =1.25and Sy, -ve -1926 | -4823| -1130| -2975| -1310| -3966 -790

1

Example 2: Four-Span Bridge

Linear Scaling of Values

WP Table E2-M5 Moment (kip-ft)

Span1- Span 2 - Span 3 - Span 4 -
0.4L Pier 1 0.5L Pier 2 0.5L Pier 3 0.8L

Unfactored DL moment (No Settlement) 3884| -15561 8001| -33891| 13513| -25824 1651
Unfactored LL moment +ve 6401 2807 8639 1166 9741 2662 4379
-ve -3171| -10609 -3174| -13208 -2257| -14582 -2270
Effect of unfactored S, at Abutment 1 —394( -781 )\ -259 264 80 -105 -21
Effect of unfactored S, at Pier 1 /I{69 3418 88 -1041 -314 413 84
Effect of unfactored S, at Pier 2 // -1126 -2818 »19b* 2438 826 -787 -156
Effect of unfactored S, at Pier3 182] 429 -455] 339 305 1948 390
Effect of unfactored S ,, at Abugrfient 2 103|260  276] st 734 -2281] 55
Total unfactored effect of8%, atall |+ve 1551 3848 1464 3516 \(210 2361 474
supports -ve -1541 -3859 -904 -2380 -1&8\ -3173 -632
Total factored efféct of sett using |+ve 3103 7696 2928 7033 2421 N722 949
Yse =1.00 St -ve -3081 -7717 -1808 -4760 -2095 —E}XQ -1264
Total fefctored effect of settusing |+ve 1939 4810 1830 4395 1513 2951 593
=1.25andS -ve -1926 -4823 -1130 -2975 -1310 -3966 m

S, at Abutment 1 = 0.95in.

Unfactored effect of 1 in. settlement at Abutment 1 on Pier 1 = -822 kip-ft
Effect of unfactored S;; at Abutment 1 on Pier 1 = (0.95 in./1.00 in/)(-822 kip-ft) = -781 kip-ft
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Example 2: Four-Span Bridge

Linear Scaling of Values

WP Table E2-M5

Moment (kip-ft)

Spanl- Span 2 - Span 3 - Span4 -
0.4L Pier 1 0.5L Pier 2 0.5L Pier 3 0.8L
Unfactored DL moment (No Settlement) 3884| -15561 8001 -33891| 13513| -25824 1651
Unfactored LL moment +ve 6401 2807 8639 1166 9741 2662 4379
-ve -3171| -10609 -3174| -13208 -2257| -14582 -2270
Effect of unfactored S, at Abutment 1 -313 -781 -259 264 80 -105 -21
Effect of unfactored S, at Pier 1 1369 3418 1188 -1041 -314 413 84
Effect of unfactored S , at Pier 2 -1126] 2818 -190] 2438 826\ -787]  -156
Effect of unfactored S, at Pier 3 182 429 -4557 -1339 305 \ 1948 390
Effect of unfactored S, at Abutment 2 -103 -260 276 814 -734 \281 -455
Total unfactored effect of S, at all |+ve 1551+ 3848 1464 3516 1210 23\63 474
supports -ve ~1541 -3859 -904 -2380 -1048 -31 73\ -632
Total factored effect of sett usi +ve 3103 7696 2928 7033 2421 4722 \ 949
vse =1.00and S, / ve | -3081| -7717| -1808| -4760| -2095| -6346 \(264
Total factor. ‘ect of sett using |+ve 1939 4810 1830 4395 1513 2951 3
Yse =225 and S, -ve -1926 | -4823| -1130| -2975| -1310| -3966 -79

S, at Pier 2 =2.40 in.

Unfactored effect of 1 in. settlement at Pier 2 on Span 3-0.5L = 344 kip-ft
Effect of unfactored S,, at Pier 2 on Span 3-0.5L = (2.40 in./1.00 in/)(344 kip-ft) = 826 kip-ft

13

Example 2: Four-Span Bridge

Linear Scaling of Values

WP Table E2-M5

Moment (kip-ft)

Span1- Span 2 - Span 3 - Span 4 -
0.4L Pier 1 0.5L Pier 2 0.5L Pier 3 0.8L
Unfactored DL moment (No Settlement) 3884| -15561 8001| -33891| 13513| -25824 1651
(DTSN +ve 6401 2807 8639 1166 9741 2662 4379
-ve -3171| -10609| -3174| -13208| -2257| -14582| -2270
Effect of unfactored S, at Abutment 1 -313 -781 -259 264 80 -105 -21
Effect of unfactored S, at Pier 1 1369 3418 1188 -1041 -314 413 84
Effect of unfactored S, at Pier 2 -1126 -2818 -190 2438 826 -787 -156
Effect of unfactored S ,, at Pier 3 182 429 -455 -1339 305 1948 390
Effect of unfactored S, at Abutment 2 -103 -260 )7-6‘(\ 814 >\ -734| -2281 -455
Total unfactored effect of S, at all |+ve 1551 | 38487 1464 3516 }(10 2361 474
supports wve | 1541 -3859 -904 | -2380 -10&\ -3173 -632
Total factored effect of sett using _lwge | 3103 7696 2928 7033 2421 \4\722 949
Yse =1.00 and S, -ve -3081| -7717| -1808| -4760| -2095| -63 -1264
Total factore ct of settusing |+ve 1939 4810 1830 4395 1513 2951 \ 593
Yse =425 and S, ve | -1926| -4823| -1130| -2975| -1310| -3966 \MQ
S, at = in.
Unfactored effect of 1 in. settlement at on Pier2 = kip-ft
Effect of unfactored S, at on Pier 2= (___in./1.00in/)(__kip-fty= ___ kip-ft 1
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Example 2: Four-Span Bridge

Linear Scaling of Values

WP Table E2-M5 Moment (kip-ft)

Spanl- Span 2 - Span 3 - Span4 -
0.4L Pier 1 0.5L Pier 2 0.5L Pier 3 0.8L

Unfactored DL moment (No Settlement) 3884| -15561 8001 -33891| 13513| -25824 1651
Unfactored LL moment +ve 6401 2807 8639 1166 9741 2662 4379
-ve -3171| -10609 -3174| -13208 -2257| -14582 -2270
Effect of unfactored S, at Abutment 1 -313 -781 -259 264 80 -105 -21
Effect of unfactored S, at Pier 1 1369 3418 1188 -1041 -314 413 84
Effect of unfactored S, at Pier 2 -1126 -2818 -190 2438 826 -787 -156
Effect of unfactored S, at Pier 3 182 429 -455| -1339 305 1948 390
Effect of unfactored S, at Abutment 2 -103 -260 )16‘(\ 814 >\ -734| -2281 -455
Total unfactored effect of S, at all |+ve 1551 | 38487 1464 3516 MO 2361 474
supports -ve )541’ -3859 -904 -2380 -104}\ -3173 -632
Total factored effect of settusing _lvge | 3103 7696 2928 7033 2421 \4\722 949
vse =1.00and S, ve | -3081| -7717| -1808| -4760| -2095 -63)6\ -1264
Total factore, ct of settusing |+ve 1939 4810 1830 4395 1513 2951 593
Yse =425 and S, -ve -1926 | -4823| -1130| -2975| -1310| -3966 -\NQ

S, at Abutment2 = _1.25 in.

Unfactored effect of 1 in. settlement at Abutment 2_on Pier 2= 651 kip-ft
Effect of unfactored S, at Abutment 2_on Pier 2 = (1.25_in./1.00 in/)(651 kip-ft) = 814 _Kip-ft

Example 2: Four-Span Bridge
Total +ve Effect Due to y; =1.00 and S,
WP Table E2-M5 Moment (kip-ft)
Span1- Span 2 - Span 3 - Span 4 -
0.4L Pier 1 0.5L Pier 2 0.5L Pier 3 0.8L

Unfactored DL moment (No Settlement) 3884| -15561 8001| -33891| 13513| -25824 1651
Unfactored LL moment +ve 6401 2807 8639 1166 9741 2662 4379

-ve | -3171| -10609| -3174| -13208| -2257| -14582| -2270
Effect of unfactored S, at Abutment 1 -313 -781 -259 264 80 -105 -21
Effect of unfactored S, at Pier 1 1369 3418 1188 -1041 -314 413 84
Effect of unfactored S, at Pier 2 -1126 -2818 -190 2438 826 -787 -156
Effect of unfactored S ,, at Pier 3 182 429 -455 -1339 305 1948 390
Effect of unfactored S, at Abutment 2 -103 -260 276 814 -734| -2281 -455
Total unfactored effect of S, at all |+ve 1%,1/( 3848 >\1464 3516 1210 2361 474
supports -ver~ -1541 -3859 -h -2380 -1048 -3173 -632
Total factored effect of sett usi +ve 3103 7696 2928 7033 2421 4722 949
vse =1.00and S, / ve | -3081| -7717| -1808| -4760| -2095| -6346| -1264
Total factor ffect of settusing |+ve 1939 4810 1830 4395 1513 593
Yse 5225 and Sy, -ve -1926 -4823 -1130 -2975 -1310 -3966 90
For total +ve effect, sum only the +ve values at each support, i.e., do not consider —ve values
+ve values at Pier 1 occur due to effect of settlement at Pier 1 and Pier 3
+ve value: 3418 kip-ft + 429 kip-ft = 3848 kip-ft 16
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Example 2: Four-Span Bridge

Total -ve Effect Due to y;- =1.00 and S,

WP Table E2-M5 Moment (kip-ft)

Spanl- Span 2 - Span 3 - Span4 -
0.4L Pier 1 0.5L Pier 2 0.5L Pier 3 0.8L

Unfactored DL moment (No Settlement) 3884| -15561 8001 -33891| 13513| -25824 1651
Unfactored LL moment +ve 6401 2807 8639 1166 9741 2662 4379
-ve -3171| -10609 -3174| -13208 -2257| -14582 -2270
Effect of unfactored S, at Abutment 1 -313 -781 -259 264 80 -105 -21
Effect of unfactored S, at Pier 1 1369 3418 1188 -1041 -314 413 84
Effect of unfactored S, at Pier 2 -1126 -2818 -190 2438 826 -787 -156
Effect of unfactored S, at Pier 3 182 429 -455|  -1339 305 1948 390
Effect of unfactored S, at Abutment 2 -103 -260 276 814 -734| -2281 -455
Total unfactored effect of S, at all |+ve 1551 3848 1464 3516 1210 2361 474
supports wve | -1541| -3859| -004| -2380(_ -1048N -3173| -632
Total factored effect of sett using |+ve 3103 | 7696~ 28 7033 2421 \4(22 949
vee =1.00and S, e | —308T| -7717| -1808| -4760| -2095| -63¥s] -1264
Total factored effect o ng |+ve 1939 4810 1830 4395 1513 2951 \ 593
Yse =1 tr -ve -1926 -4823 -1130 -2975 -1310 -3966 )QQ

For total -ve effect, sum only the -ve values at each support, i.e., do not consider +ve values

-ve values at Span 3-0.5L occur due to effect of settlement at Pier 1 and Abutment 2
-ve value: -314 kip-ft - 734 kip-ft = -1048 kip-ft

Example 2: Four-Span Bridge

Total +ve Effect Due to y;c =1.00 and S,

WP Table E2-M5

Moment (kip-ft)

Span1- Span 2 - Span 3 - Span 4 -
0.4L Pier 1 0.5L Pier 2 0.5L Pier 3 0.8L

Unfactored DL moment (No Settlement) 3884| -15561 8001| -33891| 13513| -25824 1651
Unfactored LL moment +ve 6401 2807 8639 1166 9741 2662 4379
-ve -3171] -10609| -3174| -13208| -2257| -14582| -2270

Effect of unfactored S, at Abutment 1 -313 -781 -259 264 80 -105 -21
Effect of unfactored S, at Pier 1 1369 3418 1188 -1041 -314 413 84
Effect of unfactored S, at Pier 2 -1126 -2818 -190 2438 826 -787 -156
Effect of unfactored S ,, at Pier 3 182 429 -455 -1339 305 1948 390
Effect of unfactored S, at Abutment 2 -103 -260 276 814 -734| -2281 -455
Total unfactored effect of Sy atall |+ve 1551 3848 1464 3516 1210 2361 474
supports -ve -1541| -3859 -904 | -2380| -1048| -3173 -632
Total factored effect of sett using |+ve /3103—1( 769@)\&8 7033 2421 4722 949
Yse =1.00 and S, e | -3081| -7717| -1808 \—4~Z&Q -2095| -6346| -1264
Total factored effe ett using |+ve 1939 4810 1830 4395 \lﬂiﬁ 2951 593
Yse = nd S i ve | -1926| -4823| -1130| -2975| -1310 -3%‘\;@

For total +ve effect, sum only the +ve values at each support, i.e., do not consider —ve values

+ve values at Pier 1 occur due to effect of settlement at Pier 1 and Pier 3 based on S, (= 2S,)

+ve value: 2(3848 kip-ft) = 7696 kip-ft

Lesson 10



Example 2: Four-Span Bridge

Total +ve Effect Due to y; =1.25 and S,

WP Table E2-M5

Moment (kip-ft)

Spanl- Span 2 - Span 3 - Span4 -
0.4L Pier 1 0.5L Pier 2 0.5L Pier 3 0.8L

Unfactored DL moment (No Settlement) 3884| -15561 8001 -33891| 13513| -25824 1651
Unfactored LL moment +ve 6401 2807 8639 1166 9741 2662 4379

-ve -3171| -10609 -3174| -13208 -2257| -14582 -2270
Effect of unfactored S, at Abutment 1 -313 -781 -259 264 80 -105 -21
Effect of unfactored S, at Pier 1 1369 3418 1188 -1041 -314 413 84
Effect of unfactored S, at Pier 2 -1126 -2818 -190 2438 826 -787 -156
Effect of unfactored S, at Pier 3 182 429 -455|  -1339 305 1948 390
Effect of unfactored S, at Abutment 2 -103 -260 276 814 -734| -2281 -455
Total unfactored effect of S, at all |+ve 1551 3848 1464 3516 1210 2361 474
supports -ve -1541| -3859 -904 | -2380| -1048| -3173 -632
Total factored effect of sett using |+ve 3103 7696 2928 7033 2421 4722 949
vse =1.00 and S, -ve -3081 -7717 -1808 -4760 -2095 -6346 -1264
Total factored effect of sett using |+ve ( 481 OJH&%Q 4395 1513 2951 593
Yse =1.25and S, -ve -1926 | -4823| -1130| -2975 m%=_-790

For total +ve effect, sum only the +ve values at each support, i.e., do not consider —ve values

+ve values at Pier 1 occur due to effect of sett at Pier 1 and Pier 3 based on ysc=1.25and S,
+ve value: 1.25(3848 kip-ft) = 4810 kip-ft

Cases for Evaluation

 Case 1

 Case 2:

e Case 3

— Current AASHTO
— Consider full settlement with yge = 1.0

— Not consider settlement

— Proposed specifications

— Consider uncertainty in settlement (i.e., use
appropriate ygg) and construction-point concept

20
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Example 2: Four-Span Bridge

Case 1: Not Consider Settlement

WP Table E2-M5 Moment (kip-ft)

Span1l- Span 2 - Span 3 - Span 4 -
0.4L Pier 1 0.5L Pier 2 0.5L Pier 3 0.8L
Unfactored DL moment (No Settlement) /~ 3883 -15561 8001 -33891| 13513| -25824 1651
\_ 6401/ \2807| 8639] 1166| 9741| 2662 4379

Unfactored LL moment =

Ae 3171| -106Q9| -3174| -13208| -2257| -14582] -2270
Effect of unfactored S, at Abutmgeht 1 -313 —78}\ -259 264 80 -105 -21
Effect of unfactored S , at Pieyd 1369]  3418] wgs| -1041] -314] 413 84
Effect of unfactored S, at pfer 2 -1126 -2818 -19b‘\ 2438 826 -787 -156
Effect of unfactored S ;, 4t Pier 3 182 429 -455 \Q?,Q 305 1948 390
Effect of unfactored 8, at Abutment 2 -103 -260 276 Sh -734| -2281 -455

Total unfactoredéffect of S, at all |+ve 1551 3848 1464 3516 \Qlo 2361 474
-ve -1541 -3859 -904 -2380 -1 (ﬁ&\ -3173 -632

supports

Total factgfed effect of settusing |+ve 3103 7696 2928 7033 2421 ¥722 949

Vs = 1}6’;:0’ St -ve -3081 -7717 -1808 -4760 -2095 -63 -1264

Totgf factored effect of sett using |+ve 1939 4810 1830 4395 1513 2951 593
t=1.25and S -ve -1926 | -4823| -1130| -2975| -1310| -3966 )SQ

| 1.00 DL + 1.00 LL = 3884 kip-ft + 6401 kip-ft = 10285 kip-ft

21

Example 2: Four-Span Bridge

Case 2: S, with y;c =1.00

WP Table E2-M5 Moment (kip-ft)

Span1l- Span 2 - Span 3 - Span4 -
0.4L Pier 1 0.5L Pier 2 0.5L Pier 3 0.8L

Unfactored DL moment (No Settlement) / 38@\ -15561 8001| -33891| 13513| -25824 1651

v, 6401/ \2807] 8639] 1166 9741] 2662] 4379
Unfactored LL moment Ae ~ —317%%36(19 3174] -13208| -2257| -14582] -2270
Effect of unfactored S ,, at Abutmefit 1 -313]  -78IN_ -259 264 80|  -105 21
Effect of unfactored S, at Pieyf 1369 3418 \N\88 -1041 -314 413 84
Effect of unfactored S , at pfér 2 -1126| -2818]  -190N_ 2438]  826] -787] -156
Effect of unfactored S ,, 4t Pier 3 182 429 -455 \1339 305 1948 390
Effect of unfactored 8, at Abutment 2 -103 -260 276 Sh\ -734| -2281 -455
Total unfactoredéffect of S, at all |+ve 1551 3848 1464 3516 \1\210 2361 474
supports we | -1541| -3859] -904| -2380| -10%8] -3173] 632
Total factgfed effect of sett using | svet_ 3103 6| 2028| 7033 2421|\4722| 949
vee =1.00and s, ve | -3081| -7717] = 4760| -2095| -63 -1264

Totaf factored of settusing |+ve 1939 4810 1830 4395 —#513| 2951 593
C =125andS,, ve | -1926| -4823| -1130| -2975| -1310| -39B61— -

| 1.00 DL + 1.00 LL + 1.00 using S, = 3884 kip-ft + 6401 kip-ft + 3103 kip-ft = 13388 kip-ft

22
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Example 2: Four-Span Bridge

Case 3: S;, with y;c = 1.25

WP Table E2-M5 Moment (kip-ft)

Span1l- Span 2 - Span 3 - Span 4 -
0.4L Pier 1 0.5L Pier 2 0.5L Pier 3 0.8L
Unfactored DL moment (No Settlement) /~ 3883 -15561 8001 -33891| 13513| -25824 1651
\_ 6401/ \2807| 8639] 1166| 9741| 2662 4379

Unfactored LL moment =

Ae 3171| -106Q9| -3174| -13208| -2257| -14582] -2270
Effect of unfactored S, at Abutmgeht 1 -313 —78}\ -259 264 80 -105 -21
Effect of unfactored S , at Pieyd 1369]  3418] wgs| -1041] -314] 413 84
Effect of unfactored S, at pfer 2 -1126 -2818 -19b‘\ 2438 826 -787 -156
Effect of unfactored S ;, 4t Pier 3 182 429 -455 \Q?,Q 305 1948 390
Effect of unfactored 8, at Abutment 2 -103 -260 276 Sh -734| -2281 -455

Total unfactoredéffect of S, at all |+ve 1551 3848 1464 3516 \Qlo 2361 474
supports -ve -1541 -3859 -904 -2380| -1 (ﬁ&\ -3173 -632

Total fa};:?éd effect of settusing |+ve 3103 7696 2928 7033 2421 ¥722 949
-63:

vse =1.00 and S, -ve -7717 | -1808| -4760| -2095 -1264

- 1
Totgf factored effect of se H TVF-Q939 830 4395 1513 2951 593
[-1.25 M wve | -1926] -4823| -1130| -2975| ~13t9|—3966| -79Q

| 1.00 DL + 1.00 LL + 1.25 using S, = 3884 kip-ft + 6401 kip-ft + 1939 kip-ft = 12224 kip-ft

23

Service | Comparison

Case 1: Not consider settlement
Case 2: Consider full settlement with y;c = 1.0 (current AASHTO)
Case 3: Consider uncertainty in settlement and construction-point concept

WP Table E2-M6 Moment (kip-ft)
Span1l- . Span 2 - . Span 3 - . Span4 -
Pier 1 Pier 2 Pier 3
Service | Comparison 0aL | ¢ osL | ¢ osL | ¢ 0.8L
7 =
Case 1 1.0 DL+ 1.0 LL without chMax(_10285) -12754| 16640| -32725| 23254 -23162 6030
Min 713| -26170| 4827 -47099] 11256| -40406|  -619
—
Case2:1.0DL+1.0LL+vse SE @ Max{_ 13388) -5059| 19568| -25693| 25675 -18440| 6979
(useyse =1.00and S ) Min| -2368| -33887| 3019| -51859| 9161| -46752| -1883
Case 3: 1.0 DL+ 1.0 LL + 5z SE @ Max 62224) -7944| 18470 -28330| 24767| -20211| 6623
(useyse =1.25and S ) Min| -1213) -30993| 3697| -50074| 9946 -44372| -1409
. Max| 1.189 | 0.623 | 1.110 | 0.866 | 1.065 | 0.873 | 1.098
Ratio of Case 3 to Case 1
Min | -1.701 | 1.184 | 0.766 | 1.063 | 0.884 | 1.098 | 2.276
, Max| 0.913 | 1.570 | 0.944 | 1.103 | 0.965 | 1.096 | 0.949
Ratio of Case 3 to Case 2
Min| 0512 | 0.915 | 1.225 | 0.966 | 1.086 | 0.949 | 0.748
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Comments

» Ratio of Case 3 to Case 2 represents the
change in specifications

— Force effects are reduced since ratio < 1

» Ratio of Case 3 to Case 1 represents
considering settlement as proposed in contrast
to not considering settlement

* The governing case does not change

25

Strength | Comparison

Case 1: Not consider settlement

Case 2: Consider full settlement with y;c = 1.0 (current AASHTO)
Case 3: Consider uncertainty in settlement and construction-point concept

WP Table E2-M7

Moment (kip-ft)

. Span1l- pier 1 Span 2 - pier 2 Span 3 - Pier 3 Span 4 -
Strength | Comparison 0.4L 0.5L 0.5L 0.8L
Case 1: 1.25 DL+ 1.75 LL without g M2X|_16057| -14539| 25120| -40323| 33938 -27622| 9727
Min -694| -38017|  4447| -65478| 12942| -57799| -1909
Case2:1.25DL+1.75LL+ys SE |Max| 19159 -6844| 28047| -33291| 36359 -22900| 10676
(use yse =1.00and S ) Min| -3776] -45734| 2639 -70237| 10846 -64144| -3173
Case3:1.25DL+1.75LL+ys SE |Max| 17996 -9729| 26949| -35928| 35451| -24670| 10320
(useyse =1.25and S ) Min| -2620] -42840| 3317| -68453| 11632| -61765| -2699
. Max| 1.121 | 0.669 | 1.073 | 0.891 | 1.045 | 0.893 | 1.061
Ratio of Case 3 to Case 1
Min| 3.774 | 1.127 | 0.746 | 1.045 | 0.899 | 1.069 | 1.414
. Max| 0.939 | 1.422 | 0.961 | 1.079 | 0.975 | 1.077 | 0.967
Ratio of Case 3 to Case 2
Min | 0.694 | 0.937 | 1.257 | 0.975 | 1.072 | 0.963 | 0.851

26
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Comments

» Ratio of Case 3 to Case 2 represents the
change in specifications

— Force effects are reduced since ratio < 1

» Ratio of Case 3 to Case 1 represents
considering settlement as proposed in contrast
to not considering settlement

* The governing case does not change

27

Benefits of Using Calibrated

Foundation Deformations

» Consideration of calibrated foundation deformations
in the bridge design process can lead to use of cost-
effective structures with more efficient foundation
systems

— Permits enhanced use of cost-effective spread
footings and true bridge abutments (spread footing
on top of MSE wall)

* The proposed revisions provide a more rational basis
on which to compare alternatives

28
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Benefits of Using Calibrated

Foundation Deformations

» Approach and modifications will help avoid overly
conservative criteria that can lead to:

a) foundations that are larger than needed, or

b) a choice of less economical foundation type
(such as, using a deep foundation at a location
where a shallow foundation would be
adequate).

29

Example of Foundation

Efficiency

» Subsurface conditions
— Soil: Clayey Sand (USCS soil designation: SC)
— No groundwater
— SPT N60 value: 25
* Footing
— Depth of embedment: 5 ft
— Footing length: 30 ft
Method of settlement analysis
— Schmertmann
Total load at bottom of footing: 3100 kips
» Load due to superstructure: 1700 kips

30
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Example of Foundation

Efficiency

SPT N60 =25: USCS Soil Designation = SC, No Groundwater,
Embedment = 5 ft., Footing Length = 30 ft., Schmertmann's Method
5000 ¢
4500 £ §=5.501in
4000 -5 ‘J‘_‘_,‘_H—i—l—.—’_‘—’—""_’_‘_. 5=4.50in
3500 £ ~ S5,=3.50in
8 3000 £ —"t 5 $=3.50in
-3“2500 T +$=2.50in
Q2000 % L ,x5=180in .
£ £ L ESE——— t e S s RNy
1500 prasmemtay in
1000 < _
E Wi + 5=0.
500 _§ fo—-f,_._q—t—o—t—'-""_'_'_ =+ 5=0.501in
0 S g
0 5 10 20 25 30 35 40
Effective Footing Width, B', ft
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FHWA Resources

APPENDIX € - LF SPREAD FOOTINGS

[ STIOY Sy See——

Sh=012 U808 (S 4007

artical Diaphac et )
Figure F.4-2. Graph. Example of a Sactored bearing resistance chart in ferms of sres.
setilenment curves for o range of effective fouting widths.

Table E.4-% Summary of

setthemints at slgndfs pokmts for

thie example abutment footing.
(¥ "

SELECTION OF SPREAD FOOTINGS ON SOILS
TO SUPPORT HIGHWAY BRIDGE STRUCTURES

Publication No. FHWA-RC/TD-10-001

Februsry 2010

T 3 3 i
. Fmdof | Completion | Flacemsent of
R bt Enhof | comstruction of | of carth 6l | superstracture
footing | e backwall | behind and apem ta
and wingwalls | _abutment traffic
v k 1310 1300 [N 9078
A k-fi 0 400 6213 22,720
r O LT 15000 150000 15000 |
" n 1500 1500 1200 1500
ex T | om 012 193 250 |
e n [EX 14.76 1104 10,00
e~ V]| ot 0.5 150 1% 605
w1 [ 0,72 5] [ 072
e ™ Qv * Tl T} st <01 0T7E 14 533
S {from Figure E4-2) | _in_| §, - 4 PECF R S, - 087

http://www.ncsconsultants.com/downloads/
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Settlement of

Deep Foundations

: S
* Article 10.7.2.3 )
— Use equivalent o e N
footing ol wacw N
Equivalent Footing 1 Depth
i 1 sk g Lo Prsms DiotionShcu, Lo ot Presare Do Shoun
« Can reduce: I - B S
— length of deep

foundations

— plan size of deep
foundation system

— number of deep

/ PR - - \

foundation pe———— e kg O 200
0 Sattlement of Plie Group = Compression of -
elements in a Liyws . g e P Ouston snomn. | LSS SR
il s Limited by Bearing Capacity of Clay Layses
group [ Pilea Suppeeind by Shah Fesistance In Sand Underiain by Clay ":::'M SR
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Closing Comments

» Consideration of foundation deformations in bridge design
is not new — it is, in fact, required by specifications

» The uncertainty in predicted deformations can now be
quantified through the mechanism of SE load factor, ys¢

» The calibration process is general and can be applied to
any foundation or wall type and any type of deformation

— Microsoft Excel®-based calibration processes have
been developed

* Proposed LRFD specification revisions and commentaries
have been developed

« Significant cost efficiencies can be realized

34
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Key Points

* The proposed changes in AASHTO LRFD are
unlikely to lead to significant changes in
superstructure member sizes

» The application of the proposed changes are

effective structures with more efficient
foundation systems

likely to lead to cost savings through use of cost-

35
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