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Abstract

Failure of bridges has been one of the major problems in the transportation and socio-economy

of Ethiopia. So researches are the main tools that can help investigate the main causes of bridge
failures. Failure of bridges may be due to construction or design problems. This thesis addresses
whether shear failure of bridge girders is the cause of bridge failures or not.

This study implemented analytical assessment method even though experimental evaluation
method can also be performed to rate bridge girders for shear. Analytical assessment method
involves only design data during evaluation whereas experimental evaluation takes data directly
from bridge girders.

In this study an attempt was made to rate bridge girders for shear by analyzing four simply
supported bridge girders which are constructed by Amhara Rural Roads Authority. To achieve
this objective the research had a methodology of a task involving literature review; discussion
and comparison of rating methods and data collection and analysis for shear capacity evaluation.

LRFR method of evaluation of bridge girders for shear was adopted. LRFR method of evaluation
involves the determination of bridge girder shear capacity and determination of shear due to
external applied action. Though there have been several methods of determining shear capacity,
Modified Compression Field Theory (MCFT) is used in this thesis.

This study showed that 75% of the bridge girders failed to fulfill the requirements of shear
capacity for HL-93 design vehicular live load. It also gave that the bridges have shear capacity to
resist the shear which can arise from ERA Legal loads.

This study also showed that the average concrete shear capacity, average transverse
reinforcement shear capacity and average nominal shear capacity of the four bridge girders
determined using Modified Compression Field Theory are 25.53%, 58.88% and 41.60% higher
than those obtained from 45° Truss Model respectively.



List of Symbols

A = Area of non-composite beam (mm?)

A = area of concrete on the flexural tension side of the member (mm?)

Aps = area of prestressing steel on the flexural tension side of the member (mm?)

A = area of non-prestressed reinforcing steel on flexural tension side of member (mm?)
Ay, = stirrup area

bef f= effective flange width

b,, = the minimum web width within d,

C= structural capacity

D = Dead load effect in load factor rating

DC = Dead-load effect due to structural components and attachments in load and resistance
factor rating

d = the effective depth measured from the extreme compression fiber to the centroid of the
tensile force

de=the distance from the face of rail to exterior face of exterior girder(mm)

d,, = the shear depth

DW = Dead-load effect due to wearing surface and utilities

e = eccentricity of a design truck from the center of gravity of the pattern of girders (mm)
EB =modulus of elasticity of beam material (MPa)

ED =modulus of elasticity of deck material (MPa)

eg = distance between the centers of gravity of the basic beam and deck (mm)

£y= longitudinal strain

fpo = stress in prestressing steel when the stress in the surrounding concrete

fR = Allowable stress specified in the LRFD code

g= distribution factor

h=girder height

I = Impact factor for live load in Load Factor Rating

I = moment of inertia of beam (mm?)

IL=influence line

IM = Dynamic load allowance



kg:IongitudinaI stiffness parameter

Lcb=curb load

Ld= diaphragm load

LFR=load factor rating

Lg= girder load

LL = Live load effect

LRFR= load and resistance factor rating
Lrp=railing and post load

M DC=bending moment due to dead load

MDW =bending moment due to wearing surface
ML= moment due to lane load

M ¢ 1= moment due to tandem load

M ¢,-1= moment due to truck load

Mu= ultimate moment

Nb = number of beams or girders

NL = number of loaded lanes under consideration
Nu = factored axial force taken as positive if tensile (N)
P = Permanent loads other than dead loads

R = reaction on exterior beam in terms of lanes
RF = Rating Factor

RF inp=inventory rating factor

RF| pp= rating factor value using load factor rating method
RFopzoperating rating factor

Rn = Nominal member resistance

S=girder spacing

s=stirrup spacing

sy=crack spacing parameter

sg=crack spacing

U= uniformly distributed lane load

v= average shear stress

V -=concrete shear capacity



VDC=shear due to dead load

VDW =shear due to wearing surface

V1= shear due to lane load

V,=nominal shear resistance

Vp = vertical component of the force in the prestressing strands

V ¢=stirrup shear capacity

Vtmi= shear due to tandem load

V¢r1=shear due to truck load

V,=ultimate shear

w=crack width

x = horizontal distance from the center of gravity of the pattern of girders to each girder
Xext = horizontal distance from the center of gravity of the pattern of girders to the exterior
girder

a = angle of inclination of transverse reinforcement to longitudinal axis
B=tensile stress factor

6=the angle of inclination of diagonal compressive stress.

Y p= Factor for dead loads (D)

Ypc = Load factor for structural components and attachments

YDW = Load factor for wearing surfaces and utilities

Y1, = Factor for live load (LL)

Yp = Load factor for permanent loads other than dead loads

¢ =Resistance factor

¢ =Condition factor

b =System factor



List of Tables

Table 2-1: Changes from LFRtO LRFR. ... ..o, 8
Table 3-1: LRFD ReSIStance FACIOrS. ... ....ouieieieie e 10
Table 3-2: Recommended Condition Factor Values. ... 11
Table 3-3: Recommend System Factor Values. ..............ooiiiiiiiiiic e, 11
Table 3-4: Limit States and Load Factors for LRFR.............ooiiiiiiiiiie, 12
Table 3-5: Generalized Live Load Factors for Legal Loads in LRFR........................... 12
Table 3-6: Permit Load Factors for LRFR..........cooiiiiiii e 13
Table 3-7: Dynamic Load Allowance Values..............cooiiiiiiiiiiiiiiiceieeea 13
Table 4-1: Equations of modified compression field theory..................coooiiiiiiis 28
Table 4-2: Values of 6 and g for Sections with Transverse Reinforcement.................... 33
Table 4-3: Values of 6 and g for Sections without Transverse Reinforcement............... 35
Table 5-1: recommended unit weights of materials..................cocooiiiiiiiini i, 41
Table 5-2: Multiple Presence FaCtor...........o.ouiiriiiii e 42
Table 5-3: Distribution of Live Load per Lane for Moment in Interior Beam................. 46

Table 5-4: Distribution of Live Loads per Lane for Moment in Exterior
Longitudinal BeamS. ........oouiiiii 47

Table 5-5: Reduction of Load Distribution Factors for Moment in Skewed

Longitudinal BEAmMS 0N SUPPOTLS. .. . ..uueinieinie e e 50
Table 5-6: Distribution of Live Load per Lane for Shear in Interior Beams.................. 51
Table 5-7: Distribution of Live Load per Lane for Shear in Exterior Beams................ 52

Table 5-8: Correction Factors for Load Distribution Factors for Support
Shear of the ODIUSE COMMET.........uii e 53

Table 5-9: Lever Rule Equations for Exterior Girders............coooviiiiiiiiiiiinnennnn, 53

Vi



Table 5-10: Lever Rule Equations for Interior Girders..............ccoovviiiiiiiiiiiieiiin 54

Table 5-11: Correction Factor for AnalysiS..........c.ooiiiiiiii e, 55

Vi



List of Figures

Fig. 2-1: Flow Chart for Rating ProCedure. .............covuiiiiiiii e 5
Fig. 2-2: ERA LeQal 10adS. ... ..c.orieiii e 7
Fig. 3-1: LRFR Flow Chart for Non-Permit LOads. ..........cccceeverieiieirerie e e e 15
Fig. 4-1: Parallel chord truss Model. ..., 17
Fig. 4-2: Equilibrium Conditions for Variable-Angle Truss Model ............................... 17
Fig. 4-3: Compression field theory ... ... 19
Fig. 4-4: Concrete average stress-strain relationship in compression ......................c........ 22
Fig. 4-5: Concrete average stress-strain relationship in tension............cceeeeveeveevieeiecreeneeen 23
Fig. 4-6: Reinforcing Steel Stress-Strain Relationship in Tension .........................co.l. 24
Fig. 4-7: Mohr circle of stress for cracked reinforced concrete...................cocooviiiinit. 25

Fig. 4-8: Free body diagram of a uniform shear element in the crack direction for average

stresses and local stresses at the Cracks ...........o.ooeii i 26
Fig. 4-9: Mobhr circle of strains for reinforced CONCrete ..........cccoevevievieeeceeiiececeeeeee .27
Fig. 4-10: Determination of strain &x for non-pre-stressed beam .....................coooviini. 31
Fig. 4-11: Flexural tension side of abeam ..ot 32
Fig. 4-12: crack spacing parameter determination................coeiiiiiiiiireiiniieieeneaa, 34
Fig. 5-1: Truck moving to the right....... ... 36
Fig. 5-2: IL TOr SNEAr FOICE. . ..ot 36
Fig. 5-3: IL for Bending MOMENL. ........ouiii i 37
Fig. 5-4: Truck moving to the Left. ... ... 38
Fig. 5-5: IL fOr SNEAr FOICE. .. ..ot e 38
Fig. 5-6: IL for Bending MOMENT. ........ouiniii e 38

viii



Fig. 5-7: Tandem 0ad. ... 39

Fig. 5-8: IL fOr SNEar FOICE. ......uei e 39
Fig. 5-9: IL for Bending MOMENL. ........iuinii e 40
Fig.5-10: Characteristic of the Design Truck.............ccooiiiiiiiiii e, 43
Fig. 5-11: Design Tandem LOoad...........ouoiieiniitiii e 44
Fig. 5-12: Common Deck SUPEISIIUCTUIES. .. .. ..uinet ettt et 50
Fig. 7-1: Operating Rating Factors for Bridge Girders.............cccoviiiiiiiiiiiiinnnenn, 128
Fig. 7-2: Inventory Rating Factors for Bridge Girders.............coooviiiiiiiiiiiiinene 128
Fig. 7-3: Rating Factors due to Legal Loading Type 3 for Bridge Girders..................... 129
Fig. 7-4: Rating Factors due to Legal Loading Type 3-2 for Bridge Girders.................. 129
Fig. 7-5: Rating Factors due to Legal Loading Type 3-3 for Bridge Girders.................. 130

Fig. 7-6: Comparison of Concrete Shear Capacity Obtained from 45-Degree
Truss Model and MCF T . ... e e 130

Fig. 7-7: Comparison of Stirrup Shear Capacity Obtained from 45-Degree
Truss Model and MCF T ... .o e 131

Fig. 7-8: Comparison of Nominal Shear Capacity Obtained from 45-Degree
Truss Model and MCF T .. ..o e e e 131

Fig. 7-9: Comparison of Average Shear Capacity Obtained from 45-Degree
Truss Model and MCF T ... .o, 132






Chapter 1. Introduction

1.1. Background

Bridge evaluation is critical to the safety of the nation’s transportation system. Because of
increase in vehicular traffic and the effects of aging on our nation’s transportation system, the
deterioration of highway bridges is inevitable. So bridge evaluation is of much importance in
the determination or prevention of overstressing a bridge component. Over loading of a
structural member may be a result of a reduction in live load capacity due to deterioration, an
increase in dead loads, outdated designs, all of which may render a bridge structurally deficient.
Evaluation (also called load rating) analysis of bridges is performed to determine the live load

that structures can safely carry.

Bridge girder evaluation for shear involves the determination of the shear capacity of a bridge
girder to withstand the live load that a bridge may experience. Shear evaluation has been a very
difficult task for many years due to challenges in the determination of shear capacity which is
one of the most important components in the rating process.

Even though the behavior of reinforced concrete in shear has been studied for many years, the
problem of determining the shear strength of reinforced concrete beams has remained open to

discussion.

There are generally three reasons for carrying out a shear strength assessment of a bridge girder:
first it may have been decided that the bridge should facilitate heavier traffic loads, second the
structure can have suffered from serious damage or deterioration, third there may have been a

change in design codes, setting higher demands on the bridge.

This thesis mainly focuses on evaluation of shear for bridge girders because of change in shear
design philosophies and new bridge evaluation approach. Therefore this new design and

evaluation philosophies will be used when evaluating the chosen bridge girders.
1.2. Aim and Purpose

The overall purpose of this master’s thesis is to contribute to the work on improving the
methods for structural assessment of bridge girders for shear by providing a more simplified



and structured assessment procedure, by evaluating, and thereby facilitating, the use of more

accurate models and tools for analysis.
Specific objectives of the thesis are outlined below

» Discuss the behavior of reinforced concrete in shear and shear resistance modeling and
determination methods

Identify the influencing parameters in concrete shear capacity and evaluation
Identify and apply the reliable method of shear evaluation and capacity determination
Evaluate the shear capacities of existing bridge girders

YV V V V

Identify most appropriate methods of bridge girder analysis

1.3. Specifications and Limitations

The target group for this thesis is mainly people working with management or assessment of
bridges. However, the thesis does include an introductory description of the underlying theories
on which the presented study is based, partly to make the thesis interesting for a broader range

of possible readers.

The conducted study implements analytical assessment method even though experimental or
load testing method of evaluation can be performed to determine shear capacity. Evaluation of
bridge for loading involves assessment of different components of the bridge for different
loading conditions. But this thesis considers shear evaluation for bridge girders only. However,
many of the underlying theories discussed in this thesis can be applied for other components
of the bridge.

Due to the restricted scope of the study, it also only involves limited number of bridge types.
The focus is also on simply supported reinforced concrete bridge girders which are the most

popular in Ethiopia.
1.4. Methods

In order to meet the objectives of this thesis, design documents are collected from road
authority, recently recommended theory of determining shear capacity, Modified Compression
Field Theory (MCFT) and recently adopted method of evaluation: Load and Resistance Factor
Rating (LRFR) are used in the assessment of the bridge girders for shear.



The assessment was preceded and supported by a continuous literature study. Apart from
dealing with the shear behavior of reinforced concrete and how it is modeled, this state-of-the
art was especially aimed at understanding how different bridge conditions are considered in the
evaluation of bridge girder shear capacity.

Analytical method is used for the evaluation of the bridge girders.

Bridge girder analyses are performed by considering dead and live loading codes, AASHTO
LRFD Specifications and ERA Bridge Design Manual, provisions.

1.5. Organization
The subsequent parts of this thesis are organized as follows:

Chapter 2 gives a description about shear rating, rating methods and compares the rating
methods. Chapter 3 describes Load and Resistance Factor Rating Method (LRFR) in detail. It
includes introduction about LRFR, its importance when compared to other rating methods,
general LRFR equations, and the rating system and its applicability. Chapter 4 discusses
concrete cracking, shear response of reinforced concrete bridge girders, shear resistance
modelling and determination methods and finally presents shear resistance determination using
MCEFT. Chapter 5 explains loading; live load and dead loads, modelling principles, and Chapter
6 is analysis of selected bridge girders and rating them according to LRFR method. Chapter 7
gives the results of the research and discussion. Finally Chapter 8 concludes the findings and

gives recommendations for further work.



Chapter 2.  Load Rating for Shear

2.1. Introduction

Bridge design and load rating are similar in overall approach; however, they differ in one
fundamental aspect. In design, engineers contend with greater uncertainty in the amount of
loading the structure will experience over its service life. With load rating for an existing
structure, on the other hand, bridge engineers face uncertainty in the amount of structural
resistance (Jaramilla, B., and S. Huo., 2005). In general, load rating involves determining the

safe carrying capacity.
2.2. Bridge Girder Shear Rating

The evaluation of a bridge girder for shear is based on the simple principle that the available
shear capacity of a girder to carry loads must exceed the required shear capacity to support
the applied loadings. To perform an evaluation, therefore, it is necessary to know the physical
conditions of the bridge girder and the applied loadings. The present condition can be
gathered from recent field inspection reports. The condition and extent of deterioration of
structural components of the bridge should be considered in the computation of the dead load

and live load effects for the capacity.

Rating procedure flow chart is given by ERA Bridge Design Manual, 2002 as shown in
Fig.2-1.



Start

Collect information

(1) Deck condition

(2) Structural condition
(3) Traffic condition

Calculate dead loads

v
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Calculate load effects
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A 4
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o /
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A

Fig. 2-1 Flow Chart for Rating Procedure (Adopted From ERA Bridge Design Manual, 2002)



2.3. Shear Rating Methods
2.3.1. Introduction

Load rating methods include analysis and, in some cases, load testing or a combination of
methods. Of this, rating by structural analysis is by far the most common and most economical
method. The most common methods which are used for rating of members are Load Factor
Rating (LFR) and Load and Resistance Factor Rating (LRFR) methods which are discussed in

the next sections.
2.3.2. Load Factor Rating (LFR) Method

The basic concept of the load factor rating (LFR) methodology is to analyze a structure at its
ultimate load level under multiples of the actual dead and live loads. The load factors used to
accomplish this are based on engineering judgment and not on statistical studies or probability

of failure. The factors were developed assuming normal traffic and overload conditions.

The LFR Method specifies two levels of capacity ratings: inventory and operating. The
inventory rating represents the magnitude of load that a bridge can safely sustain for an
indefinite period of time, whereas the operating rating refers to the absolute maximum load
that may be permitted on a bridge. Further, the inventory load rating accommaodates live loads
that a bridge can carry for an indefinite period, while the operating load rating refers to live
loads that could potentially shorten the bridge life if applied on a routine basis (Jaramilla, B.,
and S. Huo., 2005).

The rating equation used in the LFR Method is as follows:

RFLFR = % Eq.[2-1]
Where,
RF = Rating factor
@Rn = Capacity of the member
Y'D = Factor for dead loads (D)
D = Dead load effect
YL = Factor for live load (LL)
LL = Live load effect



I = Impact factor for live load

The live load factors differ between the inventory and operating ratings; YL is 2.17 for
inventory and 1.3 for operating. The dead load factor,YD is fixed at a value of 1.3.
Furthermore, the live load effects are based on the AASHTO HS-20 design load. Capacity
(@Rn) is calculated as outlined in the ERA Bridge Design Manual. The structural layout and

materials determine the capacity.

The load factor rating impact factor (I) is added to all live loads to account for the speed,
vibration, and momentum of vehicular traffic. The AASHTO specifications for bridge design
define the impact factor as follows:

50

I = To1ae < 0.3 where, L=span length Eq. [2-2]

After determining the rating factor for shear, the bridge owner then multiplies the rating factor

by the weight of the live load truck to yield the bridge girder rating.

Indicated Concentration Loads are Axle Loads in KN

All Dimensions are in m.
Fig. 2-2 ERA Legal Loads (ERA Bridge Design Manual, 2002)



2.3.3. Load and Resistance Factor Rating (LRFR) Method

As with load factor rating, load ratings on both operating and inventory levels can be calculated
using the LRFR method. In addition, LRFR uses limit states for strength, service, and fatigue
to ensure safety and serviceability in the load rating. Strength is the principal limit state and,
therefore, is the main determinant for bridge posting, closing, and repair. Both service and
fatigue limit states can be applied selectively to bridges (Jaramilla, B., and S. Huo., 2005).
LRFR rating method is discussed in detail in section 3.

2.3.4. Comparison of LFR and LRFR

There are a number of differences between LRFR and LFR. One of the primary objectives in
the LRFR is to utilize load models that provide a uniform relationship in the load effects to the
actual legal traffic loading over all span lengths. Some areas where differences exist between
LRFR and LFR are summarized below.

e Three load rating procedures targeted to specific needs
e Calibrated load and resistance factors

e Site-specific load factors for rating

e System factor

e Condition factor

e Live load models for evaluation

e Live load distribution factors

e Impact factor (dynamic load allowance)
e Load factors for overweight permits

e Serviceability checks

e Member resistances

The differences in the evaluation factors involved in load ratings by LRFR and LFR can be
grouped as shown in Table 2-1

Category LRFR LFR
Member Resistance ¢Rn by LRFD ¢Rn by LFD
Distribution Factors LRFD formulas "S over" formulas
Dead Load Factors yDC and yDW yD

Live Load Factor Calibrated yL yL
Condition and System .
N licabl
Factors dc ¢s ot applicable
. May be tied to ridi f
Dynamic Load Allowance aybetie O_r_l ng surtace Span length dependent
Conditions

Table 2-1 Changes from LFR to LRFR (Adopted from Lichtenstein, 2001)



Chapter 3. Load and Resistance Factor Rating (LRFR) Method

3.1. Introduction

The load and resistance factor rating methodology, LRFR, was developed under the NCHRP
(National Cooperative Highway Research Program) project 12-46 to be a rating methodology
consistent in philosophy with the AASHTO LRFD Bridge Design Specifications in its use of
reliability-based limit states. The goal of the design philosophy in the AASHTO LRFD was to
achieve a more uniform level of reliability in bridge design. With the introduction of the
AASHTO MCE LRFR (2003), the new methodology of rating provided a systematic and
flexible approach to bridge rating based on reliability. The LRFR rating philosophy allows for
a realistic assessment of a bridge’s actual safe load capacity (Murdock, M., 2009).

The LRFR methodology is comprised of three distinct procedures:

* Design load rating (first level evaluation)

* Legal load rating (second level evaluation)

* Permit load rating (third level evaluation)

The results of each procedure serve specific uses and also guide the need for further evaluations
to verify bridge safety or serviceability as discussed in section 3.3.

In rating bridge girders for shear using LRFR method, first the girders are checked for operating
level design load rating. If RF<1, then Legal load rating is required. Permit vehicle design

check for both standard and for single trip is used only when RF<1 for legal loading.

3.2. General LRFR Equations

In evaluation of bridge girders for shear, there is special interest in the live load and in the
capacity of a member relative to the live load.

The following general expression is used in determining the load rating of bridge girders for
shear.

[C—YDcDC—YDwDW+YPP]

RF =
Y LL(1+IM)

Eq. [3-1]

For the Strength Limit States:
C = dchsdRy

Where the following lower limit shall apply:
bcds = 0.85



For the Service Limit States:
C = fR
Where:
RF = Rating Factor
C = Capacity
fR = Allowable stress specified in the LRFD code
R, = Nominal member resistance (as- inspected)
DC = Dead-load effect due to structural components and attachments
DW = Dead-load effect due to wearing surface and utilities
P =Permanent loads other than dead loads
IM = Dynamic load allowance
Ypc = Load factor for structural components and attachments
Ypw = Load factor for wearing surfaces and utilities
Yp = Load factor for permanent loads other than dead loads
=1.0
Y1 =Evaluation live load factor
¢, =Condition factor
dg =System factor

¢ =Resistance factor

3.2.1. Resistance Factors

The resistance factor, ¢ is a reduction factor applied to the nominal resistance of a new
member to consider the uncertainties associated with its resistance due to deterioration. The
dimensional variations of the structure, differences in material properties, current condition
and future deterioration, and the inaccuracies in the theory for calculating resistance are taken

in account by applying this factor.

Stress Type ¢
Flexure and Tension of Reinforced Concrete 0.9
Shear of Normal Weight Concrete 0.9
Flexure and Tension of Pre-stressed Concrete 1.0
Flexure and Shear of Steel Members 1.0
Flexure of Timber Members 0.85
Shear of Timber Members 0.75

Table 3-1 LRFD Resistance Factors
10



3.2.2. LRFR Condition Factors

The condition factor, ¢ is a reduction to a member’s resistance to account for the added
uncertainties caused by the deterioration a member has experienced and that it is likely to

experience between inspections.

Structural condition of member O
Good or satisfactory 1
Fair 0.95
Poor 0.85

Table 3-2 Recommended Condition Factor VValues

3.2.3. LRFR System Factors

The system factor, is a multiplier applied to the nominal resistance of a member to account
for the redundancy of the full superstructure system (Murdock, M., 2009). A bridge’s
redundancy is the capacity of the structural system to carry loads after one or more of its
structural members has been damaged or has failed. The load modifiers relating to ductility and
redundancy are incorporated into the system factor (New Mexico, 2005). The recommended

values for the system factor are shown in Table 3-3.

SUDEr StrUCture tvpe System Factor | System Factor
P yp for Flexure for Shear

ngded Members in Two-Girder/Truss/Arch 0.85 1.00
Bridges
Rlyeted Members in Two-Girder/Truss/Arch 0.90 1.00
Bridges
Multiple Eye Bar Members in Truss Bridges 0.90 1.00
Three-Girder Bridges with Girder Spacing <6ft 0.85 1.00
Four-Girder Bridges with Girder Spacing <4ft 0.95 1.00
All Other Girder Bridges and Slab Bridges 1.0 1.00
Floor_ Beams Wlth Spacing > 12ft. and Non- 0.85 1.00
Continuous Stringers
Redundant Stringer Subsystems Between Floor 10 1.00
Beams

Table 3-3 System Factor Values
When checking shear under the strength limit states, a system factor of 1.0 is recommended

for all superstructure types.
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3.2.4. Limit States and Load Factors

Strength | is used for the ultimate capacity of structural members and is the primary limit state

utilized for bridge girder evaluation for shear. Service limit states are utilized to limit stresses,

deformations, and crack widths under regular service conditions and are often considered

optional in load rating calculations.

The load factors for the Design Load Rating, shall be taken as shown in Table 3-4. The load

factors for the Legal Load Rating shall be taken as shown in Table 3-4 and Table 3-5. The load

factors for the Permit Load Rating shall be taken as shown in Table 3-4 and Table 3-6.

Design Load Legal Permit
Bridge Limit Dead Dead _ Load Load
Tvpe State Load Load Inventory | Operating
yp DC DW
LL LL LL LL
Strelngth 125 | 150 1.75 1.35 | Table 3-5 | Table 3-6
Steel Service
| 1.00 | 1.00 1.30 1.00 1.30 1.00
Reinforced | ©'7'9" | 125 | 150 | 175 | 135 | Table35 | Table3
Conerete - Vice T | 100 | 1.00 - - - 1.00
Strelngth 125 | 150 1.75 135 | Table3-5 | Table 3-6
Prestressed Service
Concrete 1 1.00 1.00 0.80 -- 1.00 --
Service | 1.00 1.00 -- -- -- 1.00
Timber Strelngth 125 | 150 1.75 1.35 | Table3-5 | Table 3-6

Table 3-4 Limit States and Load Factors for LRFR

. Limit State | Live Load
Traffic volume
Factor
Unknown STRENGTH 1.80
ADTT > 5000 STRENGTH 1.80
ADTT =1000 STRENGTH 1.60
ADTT <100 STRENGTH 1.40

* For ADTT between 100 and 5000 interpolate the load factor.

Table 3-5 Generalized Live Load Factors for Legal Loads in LRFR
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Permit Type Loading Condition Distribution Factor | Live Load Factor
Annual Mixed with Normal Traffic Two or more lanes 130
Single Trip Mixed with Normal Traffic One Lane 150
Single Trip Escgrted with no gther One Lane 115
vehicles on the bridge

Table 3-6 Permit Load Factors for LRFR (WDOT, 2011)

3.2.5. Dynamic Load Allowance

Dynamic load allowance is used to increase the static effects of the truck loads due to the
dynamic effects of moving vehicles.

IM should be applied to HL-93 Design Truck or Tandem only but not to Design Lane Load
(Sivakumar, B., 2011, ERA Bridge Design Manual, 2002).

Depending on the riding surface and bridge approach conditions, a table for dynamic load

allowance is given as shown in Table 3-7.

Riding Surface Condition IM
Smooth riding surface at approaches, bridge
deck, and expansion joints, with no 10%

noticeable bumps.

Moderate surface deviations or depressions

causing minor bumps.

A rough ride, with significant to severe

bumps, or the perception that trucks are being | 33%

“launched” at the approach to the bridge.
Table 3-7 Dynamic Load Allowance Values

20%

3.3. The Load and Resistance Factor Load Rating System

Live loads to be used in the rating of bridges are selected based upon the purpose and
intended use of the rating results. Live load models for load rating are:

Design Load: HL-93 Design Load

Legal Loads: ERA Legal Loads (Type 3, Type 3-2, Type 3-3)

Permit Load: Actual Permit Truck
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Design Load Rating

Design load rating is a first-level rating of bridges using the HL-93 loading and LRFD design
standards with dimensions and properties for the bridge in its present as-inspected condition.
It is a measure of the performance of existing bridges to new bridge design standards. Under
this check existing bridge girders will be screened at the design level reliability (Inventory
Level) or at a second lower level reliability (Operating Level reliability) for the strength limit

state.

Legal Load Rating

This second level evaluation provides a single safe load capacity applicable to legal loads.
ERA Bridge Design Manual, 2002 has given Legal Loads as Type 3, Type 3-2 and Type 3-3.
Strength is the primary limit state for evaluation. The results of the load rating for legal loads
could be used as a basis for decision-making relating to load posting or bridge strengthening
even though higher level evaluation other than analytical evaluation is required if rating

factor value is less than unity.

Permit Load Rating

Procedures are provided for checking the safety and serviceability of bridges for the issuance
of permits for the passage of vehicles above the legally established weight limitations.
Calibrated load factors by permit type and traffic conditions at the site have been provided for
use in checking the load effects induced by the passage of the overweight truck.

According to ERA Bridge Design Manual, in checking special permits, the actual vehicle
weights and dimensions shall be used. If the number of such permits in one year is frequent,
then it shall be assumed that two lanes are occupied by such a vehicle. Otherwise, standard

vehicles shall be placed in the other lanes.
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Fig. 3-1 demonstrates the general procedure for performing a load rating using LRFR.

NO ACTTON RF>1

DESIGN LOAD CHECK
HL93
DESIGN RELTABILITY

REQUIRED

A

IDENTIFY VULNERABLE LIMIT

SERVICE STRENGTH

RF>1

RF<1 RF<1

CHECK OPERATING

A\ 4

v LEVEL RATING RF>1
STATES FOR FUTURE > "
INSPECTION/ MAINTENANCE/ |«
LOAD RF<1
\ 4
¥
LOAD RATING
LEGAL LOADS
(GENERALIZED LOAD FACTORS)
SEE MANUAL OPERATING LEVEL RELIABILITY
GUIDELINES SERVICR STRENGTH RE>1 >
< RF<1
\ 4
HIGHER LEVEL EVALUATION
(OPTIONAL)
RF<1 | "REFINED ANALYSIS
< “LOAD TESTING RE>1
*STTE-SPECIFIC LOAD FACTORS >
*DIRECT SAFETY ASSESSMENT
\ 4
L
INITIATE LOAD POSTING AND/OR NO RESTRICTIVE POSTING

REPAIR/REHAB

REQUIRED

A

Fig. 3-1 LRFR Flow Chart for Non-Permit Loads (Adopted from Lichtenstein, 2001)
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Chapter 4. Girder Shear Resistance Determination

4.1. Introduction

The shear strength of concrete bridge girders needs to be evaluated to determine the shear
capacity rating of bridges because of increased traffic loads or deterioration of bridges. Shear
strength of concrete bridge girders commonly limits the load capacity ratings of bridges
(Esfandiari, A.; Adebar, P., 2009).

The shear strength of structural concrete is a complex phenomenon. Building codes include
simplifications that generally result in safe designs. The additional construction costs are
justified by the reduced chance of a design error. On the other hand, the consequence of these
same simplifications may be greater when a simplified shear design method is used to evaluate
existing girders that cannot be made a little stronger. The simplifications may result in

unnecessary load restrictions on bridges or unnecessary repairs of bridge girders.

Even though the behavior of reinforced concrete in shear has been studied for more than 100
years (Bentz, E.C., et al., 2006), the problem of determining the shear strength of reinforced

concrete girders is still an important issue.
4.2. Shear Resistance Models
4.2.1. Introduction

There have been different models used in the determination of shear capacity. The truss
model shown in Fig. 4-1 was widely used to understand the shear behavior of reinforced
concrete beams with transverse reinforcement in the early 1900’s. After that 45° truss model,
variable angle truss model, compression field theory, modified compression field theory are
some of the models for shear capacity evaluation. These modeling methods are discussed

hereafter.

4.2.2. 459 Truss Model

In this model, diagonal concrete struts were considered to be the diagonal members of the
truss, the stirrups were the vertical members of the truss, the longitudinal reinforcement
served as the bottom chord of the truss, and the flexural compression zone served as the top
chord of the truss as shown in Fig 4-1. This model was improved by assuming that the
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diagonal struts extended across more than one stirrup. The tensile stresses in cracked concrete
were neglected in this model and diagonal compression stresses were assumed to remain at
459 after the concrete cracked (Hawkins, N.M. et al, 2005).

Equilibrium equations for this model can be obtained by assuming an angle of diagonal
compression of 6 =45° in the equilibrium equations Eq. 4-1, Eq. 4-2, Eq. 4.3.

Strut

—\ /—Stirrup

Fig. 4-1 Parallel chord truss Model (adopted from NCHRP Report 549, 2005)

4.2.3. Variable-Angle Truss Model

The variable-angle truss model is a version of the 45° truss model modified by assuming flatter
strut angles, 0 < 45°. In this model, the three equilibrium equations can be derived in the same

manner as for the 45° truss model.

s | s

(a) Diagonal stresses and longitudinal equilibrium

Ay f S

ffg/

(b)) Stirrup force

Unknowns: f2, Ny, fy, 6
Fig. 4-2 Equilibrium Conditions for Variable-Angle Truss Model
(Adopted from NCHRP Report 549, 2005)
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The equilibrium conditions for this model are shown in Fig. 4-2 and Eq. [4-1], Eq. [4-2] and
Eq. [4-3]:

f2 = [V(tand + cot)]/[byjd] Eq. [4-1]
N, = VcotO Eq. [4-2]
Apfp/s = Vtanb/jd Eq. [4-3]

However, these three equilibrium equations are not sufficient to solve member forces, because
there are four unknowns; the principal compressive stress, f2; the tension in the longitudinal
direction, N,; the stresses in the shear reinforcement, f,; and the strut angle or inclination of

the principal compressive stresses, 6.
4.2.4. Compression Field Theory

Compression field theory, differing from variable angle truss model, combines Equilibrium
equations, Compatibility relations and stress-strain relationships to determine stresses and

strains and inclination of principal compressive stresses.
Equilibrium Equations

The compression field theory uses the same approach for equilibrium conditions as described
in the variable-angle truss model. Eq. [4-1], Eq. [4-2] and Eq. [4-3] can be expressed
respectively in terms of the stresses as shown below. These equilibrium equations can also be
derived from Fig. 4-5 (a) and (b):
The vertical component of the diagonal compressive force in the concrete, which is inclined at
0 to the longitudinal axis, must equal the applied shear force:

f2 = v(tanb + coth) Eq. [4-4]
Where, v =V /by,j4
Similarly,

Pxfsx = vcotl Eq. [4-5]

pyf sy = vtanf Eq. [4-6]
where p, and py are the reinforcement ratios in the longitudinal and transverse directions.

The shear stress v applied to the cracked reinforced concrete causes tensile stresses in the
longitudinal reinforcement f s, and the transverse reinforcement f,, and a compressive
stress in the cracked concrete £ inclined at angle 6 to the longitudinal axis.
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The CFT model utilizes the deformations for reinforced concrete by assuming that a diagonal
compression field carries shear after cracking and assumes that after cracking there will be no
tensile stresses in the concrete. It also assumes the angle of inclination of the diagonal stresses
coincides with the angle of inclination of the principal compressive strain.

Compatibility Relations

The compatibility conditions used in the compression field theory can be derived from

Mohr’s circle for strains as shown in Fig. 4-3 (c) and (d).
tan6 = (e, — €2)/(ey — €2) Eq. [4-7]

The principal tensile strain, 1, can be derived as;

€1 = &x + (&4 — £2)cot20 Eq. [4-8]

The longitudinal strain, €, ¢ an be expressed as;
Ex = (eltanze +e2)/(1+ tan20) Eq. [4-9]

Fig. 4-3 Compression field theory (Adopted from Hawkins, N.M. et al, 2005)
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Stress-Strain Relationships

The ability of diagonally cracked concrete to resist compression decreases as the amount of
tensile straining increases by considering the maximum compressive stress f -2 qx that the
concrete can resist reduces as the average principal tensile strain €1 increases in the following

manner (Vecchio and Collins, 1986):

fc2max = fe/10.8 —0.34¢e1/e] < f¢ Eqg. [4-10]

The stress-strain relationships for both longitudinal and transverse reinforcement were

assumed as bilinear for the CFT the same as for MCFT discussed subsequently in detail.

Stress-strain relationships for cracked concrete in compression are suggested to be as follows
(Vecchio and Collins, 1986):

f2= [Qaa/e) = (e2/2c )V A1f comax Eq. [4-11]
Where fc2max 1S given by Eq. [4-10]

Because the compression theory provides the equilibrium conditions, compatibility
conditions, and constitutive relationships for both reinforcement and cracked concrete, it can
predict shear behavior for any load level as well as the shear strength of members. However,
since the compression field theory neglects the tensile stresses in cracked concrete, it gives
conservative results for the shear behavior of members, meaning that it underestimates both

the shear stiffness and the shear strength.

4.2.5. Modified Compression Field Theory

Modified Compression Field Theory (MCFT) was developed by Vecchio and Collins (1986)
from testing reinforced concrete elements subjected to uniform shear stress (Esfandiari, A.,
2009). It is a smeared, rotating crack model where the inclination of diagonal cracks is
determined by combining equilibrium requirements, strain compatibility assumptions and

empirical average stress — average strain relationships for cracked concrete and reinforcement.

Modified Compression Field Theory is the modification of Compression Field Theory by
including the assumption that there is an average tensile stress in concrete after cracking.

Compression Field Theory assumes as if there is no tensile stress in concrete after cracking.
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In the determination of the point at which the diagonal compressive struts fail and to determine
the angle of the struts, MCFT combines equilibrium requirements, strain compatibility
assumptions and empirical average stress — average strain relationships for cracked concrete

and reinforcement.

Vecchio and Collins, 1986 gives equilibrium requirements, strain compatibility assumptions
and empirical average stress — average strain relationships for cracked concrete and

reinforcement.

Assumptions
According to Vecchio and Collins, 1986, the following assumptions are taken in the
equilibrium, compatibility and material constitutive relations.
> Loads acting on the concrete elements edge planes are assumed to consist of uniform
axial stresses and uniform shear stress.
> Deformation of the element is assumed to occur such that the edges remain straight and
parallel.
> For each strain state there is only one corresponding stress state, i.e. effect of strain to
the transverse directions is neglected.
» Stresses and strains can be considered in terms of average values when taken over areas
or distances.
» The concrete and the reinforcing bars are perfectly bonded together at the boundaries
of the element.
» The longitudinal and transverse reinforcing bars are uniformly distributed over the
element.
» The average shear stress on the plane normal to the reinforcement resisted by the
reinforcement is zero.

» The direction of principal strain coincides with the direction of principal average stress

MCFT material constitutive relationships, equilibrium equations, and compatibility relations

are explained hereafter.

4.2.5.1. Material Constitutive Relationships

Parabolic stress-strain relationship as shown in Fig. 4-4 is considered for concrete in

compression in the principal direction. Cracked concrete subjected to biaxial strains (when
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concrete is subjected to significant tension strain transverse to the principal compression) has
significantly lower principal compressive strength (peak stress) than the uniaxial strength
(Esfandiari A, 2009). Vecchio and Collins (1986) showed that the reduction in concrete

strength (peak stress) in such cases can be predicted by the following equation:

fe2max = fc'/10.8 —034e1/&] < f¢ Eq. [4-12]

Where f2max 1S concrete peak stress under biaxial strains, 1 is concrete principal tensile
strain, f is concrete peak stress under uniaxial compression and & is concrete strain
corresponding to concrete peak compressive stress. Therefore, a parabolic stress-strain

relationship of concrete in the principal compressive direction can be expressed as:

fe2 = [2e2/ec) — (2/6c)2] fc2max Eqg. [4-13]

fc2 1s concrete compressive stress in the principal direction and &) is concrete compressive

strain in the principal direction.

€ €, .2
lf02 f02= fc:2max [2?3’ _(-6:?) :l

where: '
f
IE e < ¥

f =
CEERLT BE-DaaEJEL T ¢
c2 \

c2max f—— —, "~ — —

Fig. 4-4 Concrete average stress-strain relationship in compression
(Adopted from Esfandiari, A. 2009, Vecchio and Collins, 1986)

MCFT differs from CFT in the model for principal concrete tension stresses. It accounts for
concrete contribution to reinforcing bar stiffness after cracking, which is called tension
stiffening and has significant influence on concrete contribution to shear strength of a
reinforced concrete element (Esfandiari, A. 2009). In MCFT concrete model, concrete

tension stress increases linearly until cracking. After cracking, concrete continues to resist an
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average tension stress but it reduces as the principal tensile strain increases. Concrete tensile

stress-strain relationship in MCFT is shown in Fig. 4-5 and is given by:

fc1=Ec a1 &1 < écr Eq. [4-14]
__r )
fe1= 1+\/5ch81 €1 > &r Eq. [4-15]
Where, for = 0.33 V()
The value of f-1 = m’;% in Fig. 4-5 was the original stress-strain relationship proposed by
1

Vecchio and Collins, 1986 but was later modified to be as of Eq. [4-15 (Collins, M.P., et. al
1996).

Fig. 4-5 Concrete average stress-strain relationship in tension
(Adopted from Vecchio and Collins, 1986, Esfandiari, A. 2009,)

The stress-strain relationships expressed by Egs. [4-14] and [4-15] account for average tensile
stress in concrete in the principal direction and is valid if aggregate interlock in addition to
stress increase in the reinforcing steel at the cracks are capable of equilibrating average stresses
as discussed in Equilibrium Equations, next sub-section. Otherwise, tensile stress must be

reduced accordingly.

The maximum shear stress that can be resisted by aggregate interlock along a crack is given
by:

vei < 0.18Vfc'/[0.31 + (24w/(ag + 16))]  (in MPa units) Eq. [4-16]
where ag IS concrete maximum aggregate size, and w is crack width determined from:

w = sge1 Eq. [4-17]
in which sg is crack spacing and is assumed equal to:

sg=1/[(sinb/sy) + (cosO/s,)] Eq. [4-18]
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where s, is crack control parameter of x-direction reinforcement, and s, is crack control
parameter of z-direction reinforcement. For members with at least minimum amount of

reinforcement, crack spacing may be conservatively assumed as sg = 300 mm.

Stress-strain relationship for reinforcing steel is bilinear relation as shown in Fig.4.6

Stress

- o wm owm oW

Ey Strain -

Fig. 4-6 Reinforcing Steel Stress-Strain Relationship in Tension
4.2.5.2. Equilibrium Equations

Equilibrium equations of MCFT, in terms of the average stresses can be expressed by Mohr
circles of stresses as shown in Fig. 4-7.
Using Mohr circles of stresses shown in Fig. 4-7, equilibrium equations can be derived as:

fx= fex + Psxfsx (a)
fz="Ffcz+Pszfsz (b)
fex = fe1—veotf (©)
fcz= fe1 —vtang, (d)
Therefore,

From (a) and (c)

fx =pxfsx+ fc1—veotf, Eq. [4-19]
From (b) and (d)
fz=pzfsz+ fc1— vtant, Eq. [4-20]

We can also derive for the average shear stress v in terms of the principal tensile stress f -1
and principal compressive stress f -2 as:
v=_(fc1+ fc2)/(tan, + cotb,) Eq. [4-21]
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where f, and f, are normal stresses in X and z-directions, p, and p, are reinforcement
ratios in x and z-directions, f, and f s, are reinforcement stresses in x and z-directions, and

6 is concrete angle of principal direction of stresses.
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Fig. 4-7a Free Body diagram of Part of an Element
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Reinforcement Concrete Reinforced Concrete

Fig. 4-7b Mohr circle of stress for cracked reinforced concrete
(Adopted from Collins M, P, 1986, Esfandiari, A. 2009)

It is also necessary to check stresses at the cracks. Fig. 4-8 compares the free body diagram of
a uniform shear element on average and at the cracks. At the cracks, concrete tension stress in
the principal direction f -1 becomes zero and aggregate interlock stress v.; contributes to
equilibrium instead. In addition, reinforcing steel stresses may be higher at the cracks
compared to the average stresses. Equilibrium equations at the cracks can be derived from
Fig.4-8(d) as:
Longitudinal direction:

fsxcrpx(Acrsindc) — (vejcosOc)Acy — v(Acrcosbe) = fx Acrsindc
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Transverse direction:
fszerpz(Acrcostc) + (veisind o )Acy — v(Acpsindc) = f5 Acycostc
Therefore;
Pxfsxcr = (fx + veotf + vejcotfc) Eq. [4-22]
Pzfszcr = (fz + vtan6; — vcitanf;) Eq. [4-23]
where v; is stress along the cracks due to aggregate interlock, and f gy and f g, are

reinforcement stresses at the cracks in x and z-directions, respectively.

il e—

=

10 sl aral Shae
+Fz

R S—

) Dt of Fowees at a Crack

(b} Calcudated dverage Sresses () Local Sresses at Crack

Fig. 4-8 free body diagram of a uniform shear element in the crack direction for average
stresses and local stresses at the cracks (Collins, M.P., et. al 1996).

The conditions that need to be checked in order to determine whether the average tensile
concrete stress can be equilibrated at the cracks or the average tensile stress in concrete needs
to be reduced can be given as:

vei2 = [PxUFsxer = Fsx) = Pz(Fszer — fsz)]sinBccosb Eq. [4-24]
fer < px(sxer = fsx)c0s20¢ + pz(fszer — fsz) sin6, Eq. [4-25]
fe1 < px(Fsxer = Fsx) + min(Veimax veiz)cotb Eq. [4-26]
fe1 < pPz(Fszer = fsz) ) + min(Veimax, Vei2)tanb Eq. [4-27]

In the equations above, v.;2 is the shear stress on cracks required to achieve biaxial yielding

of reinforcement and v jmaqx 1S the aggregate interlock capacity determined from Eq. [4-16].
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4.2.5.3. Compatibility Equations

MCFT assumes the average strains over a length containing a number cracks satisfy
requirements of continuous materials despite cracks in concrete represent discontinuities.
So like all other continuous materials, compatibility in reinforced concrete is expressed by

Mobhr circle of strains as shown in Fig. 4-9.

Since we started by assuming the reinforcement is anchored to the concrete, compatibility
requires that any deformation experience by the concrete is equal to the deformation of the
reinforcement. That is, gy = €cx = €y, and £g, = €05 = €5, Where, g5y, €5 are longitudinal
and transverse strains in the reinforcement,e.y and &cz are longitudinal and transverse

strains in the concrete.

Other important compatibility equations from Mohr’s circle of Fig. 4-9 are:
tan20= (& + )/ (&7 + &) Eq. [4-28]
Similarly from Mohr’s circle of Fig. 4-8,
(e1+€2)/2 — (ex + €2) = (62— €2) — (e1 + €2)/2

g1=&tete Eq. [4-29]
Yxz = 2(&¢ + £2)cotl Eq. [4-30]
£1 = &¢(1 + cot?6) + &y cot26 Eq. [4-31]

where g1 and &y are strains in principal directions, &, and €, are strains in X and z

directions, y ., is shear strain, and @ is principal compression strain direction to x-axis.
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Mohr’s Circle for Average Strains

Fig. 4-9 Mohr circle of strains for reinforced concrete
(Adopted from Collins M, P, 1986, Esfandiari, A. 2009,)
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The material constitutive relations, equilibrium equations and compatibility equations are

summarized as shown in Table 4-1.

— e e p—

Equilibrium:
Average Stresses:

fx =pPxfsx +fc1—vcotd
ey

fz=Pzfsz+ fc1—vtan0
(2)

v = (fe1 + f2)/(tand+ cot6)
3)

Stresses at cracks:

prsxcr = (fx + vcotf+ vCiCOtH)

(4)

Pzfszcr = (f 7 + vtand— v itand)

(5)

Geometric Conditions:
Average Strains:

tan20 = (ex + €2)/( &5+ &)

(6)
gl1=&tet e (7)
Yyz=2(ex + )cotd  (8)
Crack widths:
w =S¢l €)

sg=1/[(sinb/sy) + (cosbO/s,)]
(10)

Stress

gy Strain -

Stress-Strain Relationships

Reinforcement:

fsx =Eséx < fyx (11)
fsz=Esez <fyz (12)
Concrete:

fo=fc’/[(0.8+170&:)((2&/ &) &/ &))]

(13)

f1=0.33Vf//(1 +V500¢1) Mpa
(14)

Shear Stress on Crack:
vei < 0.18Vf./[0.31 + (24w/(ag + 16))]

Mpa,mm

(15)

Table 4-1 Equations of modified compression field theory (Bentz, E. C. et. al., 2006)
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4.3. Shear Resistance using MCFT

4.3.1. Shear Resistance Determination using MCFT

The nominal shear resistance V', of a concrete member shall be separated into a component,V .
which relies on tensile stresses in the concrete, a component, Vs which relies on tensile stresses
in the transverse reinforcement, and a component, Vp, which is the vertical component of the
prestressing force.
The nominal shear resistance,V’n of the beam can be obtained using:
For prestressed concrete members,
Vin = Ve + Vs + Vp < 025 by dy + V) Eq. [4-32]

Reinforced concrete members

Vp = Ve + Vg < 0.25f¢ by, dy, Eq. [4-33]

and
Ve = 0.0838/f.' bydy (SI Units) Eq. [4-34]
Vg = Avfydv (cotl + cota) sina /s (SI Unit) Eq. [4-35]

Where:

V¢ = contribution of the concrete

V¢ = contribution of the stirrups

Vyp = vertical component of the force in the prestressing strands (N)

by, = the minimum web width within dy

dq, = the shear depth = dp - a/2 > 0.9d, or 0.72h

s = stirrup spacing (assuming that the stirrups spacing is uniform along the entire zone)

Ay, = stirrup area

a = angle of inclination of transverse reinforcement to longitudinal axis (DEG)

6 = angle of inclination of diagonal compressive stresses (DEG)
The factor S (tensile stress factor), which is a function of the average principal tensile strain
€1 in the cracked concrete, 8 and s, is the indicator of the ability of the cracked concrete to
transmit shear (Collins M, P. et. al., 1996).

B = 0.33cotd/(1 +V500) < 0.18/[0.3 + (24w/(a + 16)] Eq. [4-36]
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Where:
w =the crack width, taken as the crack spacing times the principal tensile strain ;.

The factors 8 and 8 are unknown and must be determined.

4.3.2. Determination of g and 6

4.3.2.1. For sections with at least minimum amount of transverse steel (stirrups)

To check minimum amount of transverse reinforcement, use:
Avfy/bws >0.06Vfc (Sl Units)
For sections with at least the minimum amount of transverse steel (stirrups), a value of @is

assumed. Next, the average shear stress, carried by the concrete and stirrups, is found:
v = (Vyu-9Vp)/ (¢ by dy) Eqg. [4-37]

The crack widths that govern aggregate interlock capacity can be related to the longitudinal
strain at mid-depth,e,.. This strain can be calculated by determining the average of the
longitudinal strains in the flexural tension,&,¢, and flexural compression, €., flanges of a
member. Because &, will typically be small in comparison to &,¢, due to the large stiffness

of concrete in compression, it is a reasonable approximation to assume that €, is simply
Ext/2.

ERA has also given recommendations in evaluating the longitudinal strain, €, using the same

principle as above:

For pre-stressed member

ex = [(My/dy) + (0.5N,) + (0.5(VU — VP)cot 6) — (Apsfpp)l/ (EsAs + EpAps) < 0.002
Eq. [4-38]

For reinforced concrete member as can be seen in Fig.4-10, ex can be approximated as
&y = [(My/dy) + (0.5Ny) + (0.5Vycot 8)]/ (EsAg) < 0.002 Eq. [4-39]

Where:

& = longitudinal strain at mid-depth

30



"t 70 I N2
=
-T. (S ;/1 L .T ; EsAs
—trr—11 =
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- — - m—t bt 0.5N .
Shear =0.5V, cotf
" ! ' > 0.5N,,
m—
Ny
g — 0.5N,

Axial Load

Fig.4-10 Determination of strain &x for non-pre-stressed beam
(Adopted from Collins, M.P., et. al 1996)

Fig. 4-10 above shows how the longitudinal strain; ey for non-pre-stressed beams can be
approximated.
If the value &, calculated from Eq. [4-46], is negative, it shall be multiplied by the factor, Fe
taken as:
Fe = [(EsAs) + (EpAps)]/[(EcAc) + (EsAg) + (EpAps)] Eq. [4-40]
Where: ¢ = resistance factor for shear specified in Table 3-1.
A. = area of concrete on the flexural tension side of the member as shown in
Fig. 4-11 (mm?)
Aps = area of prestressing steel on the flexural tension side of the member, reduced for
any lack of full development at the section under investigation (mm?)
N,, = factored axial force taken as positive if tensile (N)
V,, = factored shear force (N)
Ag = area of non-prestressed reinforcing steel on flexural tension side of member,
reduced for any lack of full development at the section under investigation (mm?)
M., = factored moment (Nmm)

fpo = stress in prestressing steel when the stress in the surrounding concrete is 0.0(MPa)

These equations assume cracked section and are only for beams with at least the minimum

amount of transverse reinforcement (stirrups).
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In Eq. [4-38],
M, / dy, , is the tensile force in the reinforcing steel due to the moment.
dy, is shear depth=d - a/2
Ny, is any applied axial force (not prestressing force). It is assumed that %2 of the axial load is
taken by the steel. If the load is compressive, Ny, is negative.
(Vy - Vp) cotf, is the axial force component of strut force as shown in the force triangle.
Half the force is assumed to be taken by the tensile steel, the other half in the uncracked
block.
Apsfpo -corrects for the strain in the prestressing steel due to prestressing.
fpo -stress in the prestressing steel, usually taken as 0.7 fpu
But in this thesis, only reinforced concrete bridge girders are used. So there is no need to

consider the effect of prestressing steel in the determination of shear capacity.

The flexural tension side of a beam is taken as shown in Fig.4-11. In all the equations for
shear which require a value of the area of the longitudinal tensile steel, Ag or Ay, only the
steel on the flexural tension side counts. Tensile steel on the flexural compression side (the
h on the flexural compression side) or compression steel is not considered for shear

strength.

W

Fig. 4-11 Flexural tension side of a beam

The ERA Tables use v/f¢’ and &, to find gfand 6 (ERA Bridge Design Manual, 2002).
So once the values of v/fc” and ¢, are calculated, using the table in the ERA Bridge Design

Manual, 2002 &andf can be determined by iteration. If the value of &is close to the original
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assumption, use the g given. If not, use the table value of &as the next estimate and repeat
the calculations of &,.

After determining the value of gandé, V., Vs and Vn can be calculated using Eq. [4-33],
Eq. [4-34] and Eq. [4-35].

&y *1000
v/fc
-0.2 | -0.15 | —0.1 0 0.125| 0.25 | 0.5 | 0.75 1 1.5 2
27.0 | 270 | 270 | 270 | 27.0 | 285 | 29.0 | 33.0 | 36.0 | 41.0 | 43.0
=005 6.78 | 6.17 | 563 | 488 | 399 | 349 | 251 | 237 | 223 | 1.95 | 1.72
27.0 | 27.0 | 270 | 270 | 270 | 275 | 30.0 | 33,5 | 36.0 | 40.0 | 42.0
0.075 6.78 | 6.17 | 563 | 488 | 3.65 | 3.01 | 247 | 233 | 216 | 1.90 | 1.65
235 | 235 | 235 | 235 | 240 | 265 | 305 | 34.0 | 36.0 | 38.0 | 39.0
. 6.50 | 587 | 531 | 3.26 | 261 | 254 | 241 | 228 | 209 | 1.72 | 145
20.0 | 21.0 | 220 | 235 | 26.0 | 28.0 | 315 | 34.0 | 36.0 | 37.0 | 38.0
0125 271 | 271 | 271 | 260 | 257 | 250 | 237 | 218 | 201 | 1.60 | 1.35
22.0 | 225 | 235 | 25.0 | 27.0 | 29.0 | 32.0 | 34.0 | 36.0 | 36,5 | 37.0
015 266 | 261 | 261 | 255 | 250 | 245 | 228 | 206 | 1.93 | 1.50 | 1.24
235 | 240 | 250 | 26,5 | 28.0 | 30.0 | 325 | 34.0 | 35.0 | 355 | 36.0
0175 259 | 258 | 254 | 250 | 241 | 239 | 220 | 195 | 1.74 | 1.35 | 111
25.0 | 255 | 265 | 275 | 29.0 | 31.0 | 33.0 | 34.0 | 345 | 35.0 | 36.0
02 255 | 249 | 248 | 245 | 237 | 233 | 210 | 1.82 | 158 | 1.21 | 1.00
265 | 270 | 275 | 290 | 305 | 320 | 33.0 | 34.0 | 345 | 365 | 39.0
0.225 245 | 244 | 243 | 237 | 233 | 227 | 192 | 167 | 143 | 118 | 114
28.0 | 285 | 290 | 300 | 31.0 | 320 | 33.0 | 34.0 | 355 | 385 | 415
025 236 | 236 | 232 | 230 | 228 | 201 | 1.64 | 152 | 140 | 1.30 | 1.25

Table 4-2 Values of 8 and g for Sections with Transverse Reinforcement
(ERA Bridge Design Manual, 2002)

4.3.2.2. For sections without transverse reinforcement (stirrups)

For members without transverse reinforcement, g and 6 values calculated from the MCFT are
given as functions of ¢,, and the crack spacing sy. €, is taken as the largest calculated
longitudinal strain which occurs within the web of the member when the section is subjected
to My , Ny ,and Vy, .
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ex = [(My/dy) + (0.5Ny) + (0.5(Vy — Vp)cott) — (Apsfpo)l/2(EsAs + EpAps) Eq. [4-41]

B and 6 can be found from Table 4-2 or Table 4-3. In these tables, § and 6 are given as

functions of the strain &, the shear stress v and the crack spacing parameter s,

The values in these tables were calculated assuming a diagonal crack spacing of 305mm and
a maximum aggregate size of 19mm because it is believed that these values are appropriate
for the full range of beams containing stirrups (Collins, M.P., et. al 1996). The values in
Table 4-3 can also be used for other aggregate sizes by using an equivalent spacing parameter
Sye Such that:

Sxye = Sx*[35/(a+16)] Eq. [4-42]

The crack spacing parameter sy, used in Table 4-3, shall be taken as the lesser of either dv or
the maximum distance between layers of longitudinal crack control reinforcement. The area of

the reinforcement in each layer shall be > 0.003b,s.

flexural
comprfsslon zone

17/ | / sf::e/a[ :L

* e
* @

a) Member without stirrups and with concentrated longitudinal reinforcement

/ :x A, > 0.003b,s,
sin ||
L L L CTL>_F
= S

A A

1

b) Member without stirrups but with well distributed longitudinal reinforcement
Fig. 4-12 crack spacing parameter determination
(Adopted from Collins, M.P., et. al 1996, ERA Bridge Design Manual, 2002)
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&y %1000
X 02 [ o1 0 0.25 0.5 0.75 1 15 2
260 | 260 | 270 | 290 @ 310 | 330 | 340 | 360 | 380
=101 690 | 570 | 494 | 378 | 319 282 | 25 | 219 | 193
270 | 280 | 300 | 340 @ 370 | 390 | 40.0 | 430 | 450
20 1 677 | 553 | 465 | 345 | 283 | 246 219 | 187 | 165
270 | 300 | 320 | 370 | 400 | 430 | 450 | 480 | 500
30 1 657 | 542 | 447 | 320 | 259 | 223 | 198 | 165 | 145
280 | 310 | 350 | 41.0 | 450 | 480 | 510 | 540 | 57.0
030 1 620 | 536 | 419 | 285 | 226 | 192 | 169 | 140 | 118
310 | 330 | 380 | 480 | 530 | 570 | 590 | 630 | 660
12701 ceo | 524 | 383 | 230 | 182 | 150 | 127 | 100 | 083
350 | 350 | 420 | 550 | 620 | 660 | 69.0 | 720 | 750
22001 428 | 478 | 347 | 188 | 135 | 106 | 087 | 065 | 052
420 | 420 | 470 | 640 | 710 | 740 | 770 | 800 | 820
2000 1 g3 | 383 | 311 | 139 | 09 | 066 | 053 | 037 | 028

Table 4-3 Values of 6 and {3 for Sections without Transverse Reinforcement
(ERA Bridge Design Manual, 2002)
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Chapter 5.  Analysis of Simply Supported Bridge Girders

5.1. Introduction

Analysis of girders for shear rating involves the determination of shear capacity, shear due to
the externally applied loads. By using the methods and rating procedures which are discussed
in the previous sections, permanent loads shear effect and live load shear effects determination
process is discussed in this section. Bridge girder external shear effects come from permanent
loads and live loads. The permanent load shear depends on material properties, geometry of
the bridge girders. The live loads are moving loads where their effects depend on the positions
of the loads on the bridge girders. So effects of the moving loads are determined at the critical
section and where the loads result in higher effects. Since live loads are applied on the bridges

analysis of bridge girders involves distribution of load effects into bridge girders.

5.2. Live Load Force Effects

Shear force and moment for truck and lane loads

Pq Pq k *pq

3 TZ23m T 43m'  (L-a8.6m) |
Fig. 5-1 Truck Moving Truck to the right (Abraham Gebre, 2006)

mj m32 m3

|
a | 4.3m | 4.3m | (L-a-8.6m) |
Fig. 5-2 IL for Shear Force (Abraham Gebre, 2006)
Influence line (IL) coefficients for shear force
my1 = (L—-a)/L
my = (L—a—43)/L
m3 = (L—a—8.6)/L
K = Py/Pq
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Virt= (P1*mq+Pp+mp+Kx*P1xm3)
Vp =05*x(L—a)*mq*U
Vtrl = (P1/L)*((L—a) + (L—a—4.3) +K * (L —a — 8.6))
Eq. [5-1a]
Vp=05%(L—a)2 «U/L
[5-1b]
Where:
Virl = shear force at a distance a due to truck load.
V1 = shear force at a distance a due to lane load.
U= uniformly distributed lane load

mq’ mp m3

a 43m 43m (L—a—8.6m)
Fig. 5-3 IL for Bending Moment (Abraham Gebre, 2006)

Influence line coefficients for bending moment

mq{ = a(L—a)/L

mp' = a(L—a—4.3)/L

m3’' = a(L —a—8.6)/L

Mirp = (P1*mq + P1r*m2’ + K *Pq1*m3))
ML=05%(L—a)*ml’ U

Mty = P1*(a/L)x((L—a)+(L—a—43)+K*(L—a—8.6))
ML =0.5%a (L —a)2U/L

Where:

M¢,-1 = Moment at a distance a due to truck load.

ML = Bending Moment at a distance a due to lane load.

Eq.

If the value in bracket is negative, then it is taken as zero. It implies that the wheel is out of the

span.
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P1 P1 kex Pp

a—4.3m 43m 4.3m (L—a—4.3m)

Fig. 5-4 Truck moving to the Left (Abraham Gebre, 2006)
Influence Lines for Shear Force

mi1 m2 m3

e —

| (@a—43m) '4.3m | 4.3mi (L—a—4.3m) |
Fig. 5-5 IL for Shear Force (Abraham Gebre, 2006)
Influence line coefficients for Shear Force
my1 = (L-a)/L
my = a(L—a—4.3)/L
m3 = (a—4.3)(L—a)/L

K =Py/Pq

Virl = (P1*mq1+P1*mp+ K xP1xm3) Eq. [5-34]
VL=05%L*xmq*U Eq. [5-3b]
Where:

Vr1 = shear force at a distance a due to truck load.
VL = shear force at a distance a due to lane load.
U = uniformly distributed lane load

m1’  mp m3

(a—43m) 43m 43m (L—a-—4.3m)
Fig. 5-6 IL for Bending Moment (Abraham Gebre, 2006)

Influence line coefficients for bending moment
mq{' = a(a—43)(L—a+43)/L



my' = a(L—a)/L

m3' = a(L—a—4.3)/L

Mty = (P1*m1 + Pp*m' + K x P1*xm3))

ML =05*L*mq *xU

Where:

M¢-1 = Moment at a distance a due to truck load.

ML = Bending Moment at a distance a due to lane load.

If the value in bracket is negative, then it is taken as zero.

Shear Force and Bending Moment for Tandem and Lane Loads

| ]
' a '1.2m (L—a—1.2m)
Fig. 5-7 Tandem load (Abraham Gebre, 2006)

Influence Lines for Shear Force

T a  112m | (L—a—1.2m)
Fig. 5-8 IL for Shear Force (Abraham Gebre, 2006)
Influence line coefficients for Shear Force
ny= (L-a)/L
ny= (L—a-12)/L
Viml = (P3*n1+ P3*ny
VL=05*(L—a)*n1*U
Vemi = (P/L)* (L —a) + (L —a—12))
VL = 0.5 (L —a)2U/L

Where:

- Vimi 1s shear force at a distance a due to tandem load.

Eq. [5-4a]
Eq. [5-4b]

Eq. [5-5a]
Eq. [5-5b]
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- VL is shear force at a distance a due to lane load.

) )

a 1.2m (L—a—1.2m)
Fig. 5-9 IL for Bending Moment (Abraham Gebre, 2006)
Influence line coefficients for bending moment
ny = a(ll —a)/L
ny' = a(l—a—-12)/L
Mimp = (P3*nq1 + P3*n2)
ML=05%(L—a)*ny *U

Mimi = P3*(a/L)* (L—a)+ (L —a—12)) Eq. [5-6a]
ML = 0.5 * a(L — a)2U/L Eq. [5-60]
Where:

- M¢m1 is Moment at a distance a due to tandem load.

- ML is Moment at a distance a due to lane load.
If the value in bracket is negative, then it is taken as zero. It implies that the wheel is out of the
span.

L= C/C length of the bridge into consideration.
5.3. Bridge Girder Loading
5.3.1. Dead Loads

Dead load includes the weight of all components of the structure, appurtenances and utilities

attached thereto, earth cover, wearing surface, future overlays, and planned widening.

The dead load shall be estimated from data available from the inspection at the time of
analysis. The dead load factor accounts for normal variations of material densities and
dimensions. Nominal dimensions and densities shall be used for calculating dead load effects.
For overlays, either cores shall be used to establish the true thickness or an additional
allowance of 20% should be placed on the nominal overlay thickness indicated at the time of

analysis.
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The recommended unit weights of materials to be used in computing the dead load should be
as in Table 5-1.

MATERIAL FORCE EFFECT [kN/mq]
Asphalt surfacing 22.5
Concrete, plain or reinforced (normal weight) 24.0
Steel 79.0
Cast iron 72.0
Timber (treated or untreated) 8.0
Earth (compacted), sand gravel or ballast 18.0

Table 5-1 recommended unit weights of materials

Effective Flange Width

Longitudinal stresses in the flanges are distributed across the flange and the composite deck
slab by in plane shear stresses. Therefore, the longitudinal stresses are not uniform. The
effective flange width is a reduced width over which the longitudinal stresses are assumed to
be uniformly distributed and result in the same force as the non-uniform stress distribution if
integrated over the entire width.
The effective flange width may be calculated as:
For Interior Girders
The effective flange width is taken as the least of;

e One-quarter of the effective span length

e 12.0times the average thickness of the slab plus the greater of the web thickness or one

half the width of the top flange of the girder

e The average spacing of adjacent girders

For Exterior Girders
The effective flange width is taken as:
e One half of the effective width of the adjacent interior girder plus the least of
» One-eighth of the effective span length
» 6.0 times the average thickness of the slab plus the grater of half the web
thickness or one-quarter of the width of the top flange of the basic girder

e The width of the overhang
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The effective span length used in calculating the effective flange width may be taken as the
actual span length for simply supported spans.
The slab thickness in the analysis is the effective slab thickness ignoring any sacrificial layers

(i.e. integral wearing surfaces)

5.3.2. Vehicular Live Load

Number of Design Lanes

Generally, the number of design lanes should be determined by taking the integer part of the
ratio w/3000, where w is the clear roadway width in mm between curbs and/or barriers.
Possible future changes in the physical or functional clear roadway width of the bridge should
be considered.

In cases where the traffic lanes are less than 3.0 m wide, the number of design lanes shall be
equal to the number of traffic lanes, and the width of the design lane shall be taken as the

width of the traffic lane.

Multiple Presence of Live Load

Multiple presence factors are used to account for the probability of simultaneous lane
occupation by the full HL-93 live load.

The extreme live load force effect shall be determined by considering each possible
combination of number of loaded lanes multiplied by the corresponding factor specified in
Table 5-2 when lever rule is used but if Approximate Method of Analysis (ERA Bridge
Design Manual, 2002) is used, since the application of multiple vehicular loads are taken into

consideration in the distribution factors, multiple presence factors are not applied.

Number of Loaded Lanes 1 2 3 >3
Multiple Presence Factor 1.2 1.0 0.85 0.65
“m”

Table 5-2 Multiple Presence Factor “m” (ERA Bridge Design Manual, 2002)

The multiple presence factors in Table 5-2 were developed based on an ADTT of 5000 trucks
in one direction so the force effect resulting from the appropriate number of lanes shall be
reduced for sites with lower ADTT as follows:

«If 100 < ADTT < 1000; 95% of the specified force effect shall be used; and
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« If ADTT < 100; 90% of the specified force effect shall be used.
This adjustment is based on the reduced probability of attaining the design event during a 75-

year design life with reduced truck volume.

Design Vehicular Live Load

Vehicular live loading on the roadways of bridges or incidental structures, designated

HL-93 shall consist of a combination of the:

* Design truck or design tandem and

* Design lane load

Each design lane under consideration shall be occupied by either the design truck or tandem,
coincident with the lane load, where applicable. The loads shall be assumed to occupy 3 m

transversely within a design lane.

Design Truck
The weights and spacing of axles and wheels for the design truck shall be as specified in

Fig. 5-10 and a dynamic load allowance shall be considered.

IIEE = |

SNLISY S
35 000 N 145 00O N 145 000N
4300mm _| 4300 to 9000mm |

[
o |

600 mm Generat———?1300 mm
300mm Deck Overhang

Desian Lane 3.000 mm

e -

Fig.5-10 Characteristic of the Design Truck (ERA Bridge Design Manual, 2002)
Except on the application of Design Vehicular Live Loads and Fatigue Loads, the spacing
between the two 145kN axles shall be varied between 4.3m and 9.0m to produce extreme

force effects.
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Design Tandem
The design tandem used for Strategic Bridges shall consist of a pair of 110kN axles spaced
1.2 m apart. The transverse spacing of wheels shall be taken as 1.8 m and a dynamic load

allowance shall be considered. The spacing and loading is illustrated in Fig. 5-11.

— T10EN —— —T

1.2m

— 110N —

1.8m J

Fig. 5-11 Design Tandem Load (ERA Bridge Design Manual, 2002)

F s

Design Lane Load

The design lane load shall consist of a load of 9.3kN/m uniformly distributed in the longitudinal
direction. Transversely, the design lane load shall be assumed to be uniformly distributed over
a 3.0-m width. The force effects from the design lane load shall not be subject to a dynamic
load allowance (ERA Bridge Design Manual, 2002).

The extreme force effect shall be taken as the larger of the following:
* The effect of the design tandem combined with the effect of the design lane load, or
* The effect of one design truck with the variable axle spacing combined with the effect of the

design lane load
5.3.3. Live Load Distribution Factors

ERA Bridge Design Manual, 2002 has given an approximate method for distributing live load
for girders that meet the following conditions and any other conditions identified in tables of

distribution factors as specified below.

e Width of deck is constant
e Number of beams is not less than four, unless otherwise specified

e Beams are parallel and have approximately the same stiffness
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e Unless otherwise specified, the roadway part of the overhang, de, does not exceed
0.9m
e Curvature in plan is less than the limit specified in ERA Bridge Design Manual, 2002.
e Cross-section is consistent with one of the cross-sections shown in Fig. 5-12 below.
In the approximate method of distributing live load effects into girders, distribution factors

that can be used for different conditions and effects are given in tables.
Live Load Distribution Factors for Moment

Interior Beams
As of ERA Bridge Design Manual, the live load moment for interior beams shall be determined

by applying the lane fractions specified in Table 5-3.
The longitudinal stiffness parameter, Kg, in the table shall be taken as:
Kg =n(I + Aeg?)inwhich:n = EB/ED Eq. [5-7]

Where:
EB =modulus of elasticity of beam material (MPa)
ED =modulus of elasticity of deck material (MPa)
I = moment of inertia of beam (mm?)
eg = distance between the centers of gravity of the basic beam and deck (mm)
A = Area of non-composite beam (mm?)

The parameters A and | in Eq. [5-7] shall be taken as those of the non-composite beam.

The live load flexural moment for interior beams with concrete decks shall be determined by

applying the lane fraction specified in Table 5-3(dimensions in mm).
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Applicable

) o Range of
Type of Beams Cross-section Distribution Factors o
) Applicability
from Fig. 5-12
One Design Lane Loaded:
$/3700
Concrete Deck on _
L Two or More Design Lanes S < 1800
Wood Beams
Loaded:
5/3000
Concrete Deck, One Design Lane Loaded:
_ _ 1100< 5<4900
Filled Grid, or 0.06+(S/4300)%4(S/L)%3(Ky/Lts*)**
) ) ] a, e, kand also i 110 <t5 <300
Partially Filled Grid o Two or More Design Lanes
i, jif 6000<L<73000
on Steel or o Loaded:
sufficiently Nb = 4
Concrete Beams; 0.075+(S/4300)%8(S/L)%2(ky/Lts3)**
connected to i
Concrete T-Beams, ) Use lesser of the values obtained
act as a unit ] ]
T-and Double T- from the equation above with Nb = 3
Sections Nb = 3 or the lever rule
One Design Lane Loaded:
2100<5<4000
_ (1.75+5/1100)(300/L)°*>(1/N ;)**
Multi-cell Concrete i 18000<L<73000
D Two or More Design Lanes
Box Beam Nc = 3
Loaded:
03 02 If Nc>8 use Nc=8
(13/N)*3(5/430)(1/L)°*
One Design Lane Loaded:
5/2300 if tg < 100 mm
S§/3050if t, = 100 mm
Steel Grids on Steel I'tg _ § = 1800 mm
Two or More Design Lanes
Beams A
Loaded:
S < 3200 mm

$/2400 If tg < 100 mm
$/3050If t4 > 100 mm

Table 5-3 Distribution of Live Load per Lane for Moment in Interior Beam

Exterior Beams

The live load flexural moment for exterior beams shall be determined by applying the lane

fraction, g, specified in Table 5-4.
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Applicable ) Two or More
Type of ) One Design ) Range of
Cross-section Design Lanes o
Superstructure ) Lane Loaded Applicability
from Fig.5-12 Loaded
Wood Deck on
Wood or Steel a, | Lever Rule Lever Rule N/A
Beam
Concrete Deck on
L Lever Rule Lever Rule N/A
Wood Beams
Concrete Deck, g = € Qinterior
. . -300 <d, <700
filled Grid, or a, e, kand e = 0.77 + dp/2800
Partially Filled Grid also i, jif
o Use lesser of the
on Steel or sufficiently _
Lever Rule values obtained
Concrete Beams: connected to _
from the equation Nb = 3
Concrete T-Beams. actas
] above with Nb = 3
T and Double-T a unit
. or the lever rule
Sections

Table 5-4 Distribution of Live Loads per Lane for Moment in Exterior Longitudinal Beams

The bridges considered in the development of the equations had interior end diaphragms

only, i.e., no interior diaphragms within the spans, and no exterior diaphragms anywhere

between boxes. If interior or exterior diaphragms are provided within the span, the transverse
load distribution characteristics of the bridge will be improved to some degree. i.e., the
distribution factor for the exterior beam shall not be taken to be less than that which would be

obtained by assuming that the cross-section deflects and rotates as a rigid cross-section.

Additional investigation is required because the distribution factor for girders in a multi-girder
cross-section, Types "a" and "e" in Fig. 5-12, was determined without consideration of
diaphragm or cross-frames. The recommended procedure is an interim provision until research
provides a better solution (ERA Bridge Design Manual, 2002).

The procedure is as follows:

NL Nb

R = [NL/Nb] + [XextYe/%x?] Eq. [5-8]
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Where:
R =reaction on exterior beam in terms of lanes
NL = number of loaded lanes under consideration
Nb = number of beams or girders
e = eccentricity of a design truck or a design lane load from the center of gravity of the pattern
of girders (mm)
x = horizontal distance from the center of gravity of the pattern of girders to each girder (mm)

Xext = horizontal distance from the center of gravity of the pattern of girders to the exterior

girder (mm)
Supporting
Components Type of Deck Typical Cross Section
Cast-in-place concrete
Steel Beam

slab, precast concrete slab,

steel grid, glued/spiked

a
panels, stressed wood (a)
Closed Steel or Precast
Concrete Boxes Cast-in-place concrete |-L
(b)
Open Steel or Precast Cast-in-place concrete
Concrete Boxes slab, precast concrete deck
slab (c)
Cast-in-Place Concrete
Multicell Box
Monolithic concrete \ /

(d)
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Cast-in-Place Concrete

Tee Beam

Monolithic concrete

i

()

i

Precast Solid, VVoided or
Cellular Concrete Boxes

with Shear Keys

Cast-in-place structural

concrete overlay

(f)

| ] blolo]o

Precast Solid, Voided, or
Cellular Concrete Box
with Shear Keys and with
or without Transverse

Post-Tensioning

Integral concrete

@)

Precast Concrete Channel

Sections with Shear Keys

Cast-in-place structural

concrete overlay

Precast Concrete Double
Tee Section with Shear
Keys and with or without
Transverse Post-

Tensioning

Integral concrete

Precast Concrete Tee
Section with Shear Keys
and with or without
Transverse Post-

Tensioning

Integral concrete

Precast Concrete | or

Bulb-Tee Sections

Cast-in-place concrete,

precast concrete
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Wood Beams

Cast-in-place concrete or

plank, glued/spiked panels

or stressed wood

[NEREREN
[
[HARARAEN

(0

Skewed Bridges

Fig. 5-12 Common Deck Superstructures

When the line supports are skewed and the difference between skew angles of two adjacent

lines of supports does not exceed 10°, the bending moment in the beams shall be reduced in

accordance with Table 5-5.

Accepted reduction factors are not currently available for cases not covered in Table 5-5.

Applicable ]
Type of ) Any Number of Design Lanes Range of
Cross-section o
Superstructure _ Loaded Applicability
from Fig. 5-12
Concrete Deck, Filled
Grid, or Partially
Filled 1- cq (tan )15 300 < 6 < 600
Grid on Steel or = 370.25 05] 1100 < § < 4900
2 eand k c1 = 0.25(kg/Lts3)0-23(S/L)
Concrete If6 < 300 thencq = 0.0 6000 < L < 3000
Beams, Concrete T- Ifo > 600 use® = 600 Nb>4

Beams, T or Double T

Sections

Table 5-5 Reduction of Load Distribution Factors for Moment in Longitudinal Beams on

Skewed Supports

Live Load Distribution Factors for Shear

Interior Beams

As of ERA Bridge Design Manual, the live load shear for interior beams shall be determined

by applying the lane fractions specified in Table 5-6.

The longitudinal stiffness parameter, Kg, in the table shall be taken from Eq. [5-7].
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Applicable

Two or More

Type of _ One Design _ Range of
Cross-section Design Lanes o
Superstructure ) Lane Loaded Applicability
from Fig. 5-12 Loaded
Concrete Deck on
L Lever Rule Lever Rule N/A
Wood Beams
Concrete Deck, 1100 < S <4900
Filled Grid, or 6000 <L <73000
) ) ) a, e kand
Partially Filled Grid i it 0.36 + S/7600 0.2+(S/3600)-(S/10700)%° 110 < tg <300
alsoi, ji
on Steel or N : 4x10° <kg<3x10*?
sufficiently
Concrete Beams: Nb>4
connected to
Concrete T-Beams. )
act as a unit
T and Double T Lever Rule Lever Rule Nb =3
Sections
Multi-cell 1800 < S <4900
Concrete 6000 <L <73000
D (S/2900)°8(d/L)°* (S/2200)°9(d/L)°1
Box Beams, Box 890 <d <2800
Sections Nc>3

Table 5-6 Distribution of Live Load per Lane for Shear in Interior Beams

Exterior Beams

The live load shear for exterior beams shall be determined by applying the lane fractions

specified in Table 5-7. For cases not addressed in Table 5-6 and Table 5-7, the live load

distribution to exterior beams shall be determined by using the lever rule.

The additional provisions for exterior beams in beam-slab bridges with cross-frames or

diaphragms, specified above, shall apply i.e. in beam-slab bridge cross-sections with

diaphragms or cross-frames, the distribution factor for the exterior beam shall not be taken to

be less than that which would be obtained by assuming that the cross-section deflects and

rotates as a rigid cross-section.

The parameter de shall be taken as positive if the exterior web is inboard of the curb or traffic

barrier and negative if it is outboard.
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Type of Applicable One Design Two or More Range of
Superstructure | Cross-section Lane Design Lanes Applicability
from Fig. 5-12 Loaded Loaded
Wood Deck on
Wood a, |l Lever Rule Lever Rule N/A
or steel Beams
Beams; a, e, kand g = € Jinterior
.. -300<de <1700
Concrete T- alsoi, j if e = 0.6+de/3000
beams, T and sufficiently Lever Rule
Double T-Beam | connected to act Lever Rule Nb =3
as a unit

Multi-cell J = € Qinterior
Concrete Box e=0.68+de/3800

D Lever Rule -600 < de <1500
Beams, Box
Sections
Steel Grid Deck

A Lever Rule Lever Rule N/A

on Steel Beams

Table 5-7 Distribution of Live Load per Lane for Shear in Exterior Beams

Skewed Bridges

Shear in the exterior beam at the obtuse corner of the bridge shall be adjusted when the line of

support is skewed. The value of the correction factor shall be obtained from Table 5-8. It is

applied to the lane fraction specified in Table 5-6 for interior beams and in Table 5-7 for

exterior beams.

In determining the end shear in multi-beam bridges, the skew correction at the obtuse corner

shall be applied to all the beams.

52




Type of Applicable Cross- ) Range of
) ] Correction Factor o
Superstructure | section from Fig. 5-12 Applicability
Concrete Beams; 0°<H<60°

Concrete T-beames,
T- and Double T

to act as unit

a,e kandalsoi, jif

sufficiently connected

1.0+0.20(Lts%/Kg)°3tan 0

1100 < § < 4900
6000 <L <73000

Section Nb >4
0°<@<60°
Multi-cell
1800 <S <4000
Concrete Box
D 1.0+(0.25+L/70d)tan6 6000 <L <73000
Beams, Box
) 900 <d <2700
sections
Nc>3

Table 5-8 Correction Factors for Load Distribution Factors for Support Shear of the Obtuse
Corner (ERA Bridge Design Manual, 2002)

Lever Rule

Equations were derived in order to simplify the lever rule (Puckett, J. A. et. al., 2007).these

equations were derived assuming constant 4ft(1.2m) spacing between multiple vehicles,

2ft(0.6m) spacing between the outer wheel centroid and the curb/barrier and 6ft(1.8m) axle

gage. Range of applicability is given in the distribution factor Table 5-9 and Table 5-10.

While the limitations are not met, conventional lever rule computations apply.

Number of o o Number of
Loaded Lanes Distribution Factor | Range of application Wheels to Beam
(¥5)+(de/2S) (et S<6M 1
1 de<S

1+(de/S)-(3/S) (de+S)>6ft 2
1+(de/S)-(3/S) (det+S)<10ft 2
2 or more 3/2+(3de/2S)-(8/S) 10<(de+S)<16ft 3
2+(2de/S)-(16/S) 16<(de+S)<20ft 4

Table 5-9 Lever Rule Equations for Exterior Girders
(Adopted from Puckett, J. A. et. al., 2007)
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Number of o o
Distribution Factor | Range of application | Number of Wheels to Beam
Loaded Lanes

S<6ft
Yo 1

de>0

1

S>6ft
1-3/S 2

de>0

S<4ft
Yo 1

de>0

4<S<6ft

1-2/S 2

de>0

2 or more
6<S<10ft

3/2-5/S 3

de>0

10<S<16ft

2-10/S 4

de>0

Table 5-10 Lever Rule Equations for Interior Girders
(Adopted from Puckett, J. A. et. al., 2007)
Note that de is the distance in mm from the face of rail to exterior face of exterior girder. It is
positive if the exterior web is in board and vise-versa.
Tables 5-3 and 5-4 above can be used where the tables from approximate method for
distribution of live load effect to girders recommend lever rule but we shall take the range of

application of the simplified lever rule equations.
Correction Factor for Distribution of VVehicular Loads

The fraction of vehicle load effect transferred to a single member shall be selected in
accordance with ERA Bridge Design Manual, 2002. These values represent a possible

combination of adverse circumstances.

Loadings shall be placed in positions causing the maximum response. Further, if such a
measurement or analysis is made and the expected distribution value is obtained, then this
shall be adjusted by the factors shown in the table below. These factors are needed to adjust

for the expected bias in distribution factors for different material types.
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Correction Factor

Distribution
of Loads Steel | Prestressed Concrete
1 | AASHTO Distribution, Chapter 13 1.00 1.00 1.00
Tabulated analysis with simplified
2 _ 1.10 1.05 0.95
assumptions**
Refined analysis: finite elements, orthotropic
3 ) 1.07 1.03 0.90
plate, grillage analogy
4 | Field measurements 1.03 1.01 0.90

the girder distribution for rating.

Actual girder distribution shall be multiplied by the appropriate correction factors to obtain

Table 5-11 Correction Factor for Analysis*(ERA Bridge Design Manual, 2002)

Since this paper uses the AASHTO distribution method, the correction factors for distribution

of vehicular loads shall be taken as unity as given in table 5-11.

Pedestrian live loads, wind loads, temperature effects, earth quake effect and creep and

shrinkage do not need to be considered in rating of the bridge girders.
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Chapter 6. LRFR Analysis of Bridge Girders

6.1. Introduction

In the previous chapters, methods of rating bridge girders for shear and shear capacity
determination methods are discussed. In this chapter four simply supported bridge girders are
analyzed and rated for shear. These bridge girders have 25m, 16m, 20m and 12m span

lengths with the material properties given in the next sub- sections.

6.2. Bridge Girder 1 LRFR Analysis and Rating
This bridge girder is T-girder having a span length of 25m. It is constructed in Amhara region

by Amhara Rural Roads Authority. The bridge has the following properties.

Design Specifications
1. ERA Bridge Design Manual, 2002
2. AASHTO Standard Specifications for Highway Bridges, 1998

Bridge Loadings

Dead Loads

Dead loads are based on the following loadings
Super Structure Loads

Reinforced concrete: 24KN/m?®

Wearing Surface, Asphalt: 22.5KN/m?®

Live Loading
The live loading is AASHTO HL-93

Materials
1. Concrete
28 days cylindrical
Grade of Y -y
compressive strength Structural Member
Concrete
(MPa)
All Structural members unless
C-30 24 )
otherwise noted
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2. Reinforcing Steel

AASHTO M31 MGrade Grade 300(p<20mm) | Grade 420(¢ =20mm)
(Old AASHTO M31 MGrade) (40) (60)
Yield(tensile) Strength, min, MPa 300(500) 420(620)

Type of Girder
The type of girder cross-section from those in Table 5-12 is Type e, i.e. Cast —in-place concrete

T-beam with monolithic concrete deck.

Input Parameters:

Bridge Geometry

Bridge Width = 7.3m
Number of Girders = 4

Left overhang =1.280m
Girder spacing = 2.11m

Slab Thickness=0.2m
Wearing surface = 0.1m

Left curb width = 0.8m
Right curb width = 0.8m
Curb Height=0.5m

Left skew angle =0°

Right skew angle =0°

Load Factors

Resistance Factor (¢) =0.9
Condition Factor (¢) =1.0
System Factor (¢g) = 1.0
Dead Load Factors

Strength I limit State

Dead load Factor (ypc) =1.25
Dead Load Factor (ypw) =1.50
Design Live Load Factors
Strength | Limit State

Live Load Factor (yL.) (Inventory) =1.75
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Live Load Factor (yLL) (Operating) =1.35
Dynamic Load Allowance

Dynamic load allowance=20%

Live Load Distribution Factors

Moment for Interior Bridge Girders

One Design Lane Loaded:

Jinterior = 0.06 + (5/4300)0-4(5/L)0-3(kg//Lts3)0-1
= 0.06 + (2110/4300)0-4(2110/25000)0-3(k 4/(25000 * 2003))0-1
= 0.06 + (0.752 * 0.476 * 2.185)
= 0.842

Two or More Design Lanes Loaded:

Jinterior = 0.075 + (5/4300)0-6(5/1)0-2(k//Lt53)0-1
= 0.075 + (2110/4300)0-6(2110/25000)0-2(k 4/(25000 * 2003))0-1
= 0.075 + (0.652 * 0.61 * 2.185)
= 0.944

Where the value of Kg is as calculated below

Kg =n(I + Aeg?)inwhich: n=EB/ED
n = (EB/ED) =1,
Effective flange width for interior girders
beff = min {1/4L,12ts + max (tw, 0.5wf), Savg}
beff = min{25m/4, (12 * 0.2m) + max(0.47m, 0.5 * 2.11m),2.11m}
beff = 2.11m
A =beff *tg = 2.11m * 0.2m = 0.422m?
I = bh3/12 = 0.47 * 1.53/12 = 0.132m*
eg = 0.85m
Kg =n(l + Aegz)
= 1(0.132 4 0.422 * 0.852)
= 0.437m*
Therefore,
Interior girder live load moment distribution factor will be the max of the two values.
Mgint = max (0.842,0.944)

= 0.944
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Moment for Exterior Bridge Girders
One Design Lane Loaded:
Lever Rule
de = 0.605m = 1.985ft
S =211m = 6.923ft
de + S = 1.985ft + 6.923ft = 8.908ft
de + S > 6ft
Therefore, the distribution factor lever rule equation will be:
DF =1+ (de/S) — (3/S) =1+ (1.985ft/6.923ft) — (3ft/6.923ft)
= 0.853

When using Lever rule we shall consider multiple presence factor; for single lane loaded the
multiple presence factor is 1.2.
DF =0.853 1.2 = 1.024
Two or More Design Lanes Loaded:
g = e* ginterior
e = 0.77 + de /2800,de = 605
e =0.77 + 605/2800

= 0.986
g = 0.986  ginterior
g = 0.986 % 0.944

= 0.931
Therefore,
Exterior girder live load moment distribution factor will be the max of the two values.
Mgext = max (1.024,0.931)

= 1.024
Check for Diaphragm Contribution
NL Nb

R = [NL/Nb] + [XgxtSe/Sx?]

For One Lane Loaded

NL=1

Nb =4

Xext =3.17m
Ye =275m
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Y2 = (x12 +x22 + x32 + x42)
= [(317m)2 + (1.06m)2 + (1.06m)2 + (3.17m)2]
= 22.345m?2

NL Nb
R = [NL/Nb] + [XextXe/%x?]
= (1/4) + [(3.17m * 2.75m)/22.345m?2]
= 0.64
For Two Lanes Loaded
Only the Values for the terms NL and Y e vary.
NL =2
Ye =—0.13 4 2.75 = 2.62

NL Nb
R = [NL/Nb] + [XextYe/Yx2]

= (2/4) + [(3.17m * 2.62m)/22.345m2]

= 0.872
The distribution factors obtained previously shall be taken since these values are lower.
Check for Skewness
Skewness angle 6=0°
Skewness Correction Factor=1
Shear Distribution Factors for Interior Bridge Girders
One Design Lane Loaded:
DF =0.36 + §/7600 = 0.36 + 2110/7600

= 0.64

Two or More Design Lanes Loaded:

DF = 0.2 4 (5/3600) + (5/10700)2-0= 0.2 + (2110/3600) + (2110/10700)2-0
= 0.83
Therefore,
Interior girder live load shear distribution factor will be the max of the two values.
Vgint = max (0.64, 0.83)
=0.83
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Shear Distribution factors for Exterior Bridge Girders
One Design Lane Loaded:
Lever Rule
de = 0.605m = 1.985ft
S =211m = 6.923ft
de + S = 1.985ft + 6.923ft = 8.908ft
de + S > 6ft
Therefore, the distribution factor lever rule equation will be:
DF =1+ (de/S)—(3/S) =1+ (1.985/6.923) — (3/6.923)
= 0.853
Similarly applying multiple presence factor,
DF = 0.853 x 1.2 = 1.024
Two or More Design Lanes Loaded:
g = e ginterior
e = 0.6 +de/3000
e = 0.6 + 605/3000 = 0.802
g = 0.802 x ginterior = 0.802 * 0.83 = 0.666
Therefore,
Exterior girder live load shear distribution factor will be the max of the three values.
Vgext = max (1.024,0.666,0.872)
= 1.024
Check for Skew-ness
Skewness Correction Factor (for =0°) =1
Therefore,

No correction for skewness
Dead Load Calculation

Interior Girder Loading

Girder Load (Lg) = Ag *yg = [(2.11m % 0.2m) + (0.47m * 1.6m)] * 24KN /m3
= 28.18KN/m

Railing and Post Load(Lrp):

Loads from railings and post can be distributed equally to all girders

Railing Load= A, * y;- = (0.2m * 0.4m * 24KN /m3)
61



=1.92KN/m
Post Load

= ((4*0.3m) + (2 *0.5m)) * ((0.25m * 0.5m) + (0.15m * 0.4m)) * 24KN /m3

=9.768KN/25m
= 0.39KN/m
Therefore,
Lrp= 1.92KN/m + 0.391KN /m
= 2.31KN/m
Lrp for each girder= (2.31KN/m)/4 = 0.5775KN /m
Diaphragm Load (Ld)

Diaphragm Load will be applied on girders as concentrated load on the points where the

center lines of the girder and diaphragm meet.
For the two interior diaphragms

Ld = Ag *yq * length of diaphragms between faces of girders (l4)

=Ag* vd*lq
Height of diaphragm=0.9m
Thickness of diaphragm=0.25m
Length of diaphragm (Id) =1.64m
Ld=Ag* yd*ld
= 0.9m * 0.25m * 1.64m * 24KN /m3
= 8.86KN
For the two end diaphragms
Lde = Ag * vq * lq
Height of diaphragm=0.6m
Thickness of diaphragm=0.25m
Length of diaphragm (Id)=1.64m
Lde = 0.6m * 0.25m * 1.64m * 24KN /m3
= 5.91KN
Curb Load (Lcb) = Agp * ¥ep = (0.5m * 0.8m) * 24KN /m3
= 9.6KN/m
The load will be distributed equally to all the girders
Lcb/Girder= (9.6KN/m)/4 = 2.4KN/m
Load from Wearing Surface (Lw) = Ay, * yyw = (0.1m * 2.11m) * 22.5KN/m3
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= 4.748KN /m
Total Interior Girder Load (Dci) = Lg + Lrp + Lcb
= 28.18KN/m + 0.58KN/m + 2.40KN /m
= 31.152KN/m
Total Interior Girder Load (Dwi) = Lw
= 4.748KN/m
Concentrated Interior Diaphragm Load (Ld) = 8.86KN
Concentrated End Diaphragm Load (Lde) = 5.91KN
Exterior Girder Loading
Girder Load (Lg) = Ag*yg = [(2.11m * 0.2m) + (0.47m * 1.6m)] » 24KN /m3
= 28.18KN/m
Railing and Post Load(Lrp):
As calculated for interior girders,
Lrp/girder= 0.5775KN/m
Diaphragm Load(Ld, Lde):
The diaphragm load calculation for the exterior girders is the same as of interior girders. But
we will take only half of the load for interior girders.
For the two interior diaphragms
Ld = (Aqg* vd*1q)/2

= (0.9m * 0.25m * 1.64m * 24KN /m3) /2

= 4.43KN
For the two end diaphragms

Ld = (Ag* yq *1d)/2

= (0.6m * 0.25m * 1.64m * 24KN /m3) /2

= 2.955KN
Curb Load (Lcb) = Agp * vep = (0.5m + 0.8m) * 24KN /m3

= 9.6KN/m

The load will be distributed equally to all the girders
Lcb/Girder = (9.6KN/m)/4 = 2.4KN/m
Load from Wearing Surface (Lw) = Ay, * iy = (0.1m * beff) * 22.5KN/m3
Effective Flange Width for Exterior Girders

beff = min{((beff(interior)/Z) + min(L/8,6tg + 0.5ty)), bop}
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Where b, is overhang width
beff = min{(2.11m/2) + min(25m/8, (6 * 0.2m) + (0.5 * 0.47m)), byy)
beff = min {(1.05m + 1.435),1.28m}

beff = 1.28m
Lw = Ay * Yy = (0.1m * 1.28m) * 22.5KN /m3
= 2.88KN/m

Total Exterior Girder Load (DCe) = Lg + Lrp + Lcb
= 28.18KN/m + 0.5775KN /m + 2.4KN /m

= 31.152KN/m
Total Exterior Girder Load (Dwe) = Lw
= 2.88KN/m

Concentrated Exterior Diaphragm Load (Ld) = 4.43KN
Concentrated End Diaphragm Load (Lde) = 2.955KN
Interior Girder Dead Load Shear Force and Bending Moment Calculation
Shear Force
VDC = V(DCi) +V(Ld) + V(Lde)
=wL/2 —wa — 8.86
= (31.152 % 25/2) — (31.152a) — 8.86
= 380.54 — 31.152a
VDW =V (DWe)
= (wL/2) —wa
= (4.748KN/m * 25m/2) — (4.748KN /m * a)
= 59.35 - 4.748a
Bending Moment
MDC = M(DCi) + M(Ld) + M(Lde)
=wa(L—a)/2+ P2+*a+ 0.25P1
= 31.152a(25 — a)
= 15.576a(25 — a) + 8.86a + 1.478
MDW = M(DWe)
=wax*(L—a)/2
= 4.748a(25 —a)/2
= 2.374a(25 — a)
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Exterior Girder Dead Load Shear Force and Bending Moment Calculation
Shear Force
VDC = V(DCi) +V(Ld) + V(Lde)
= (wL/2) —wa — P2
= (31.152KN/m * 25m/2) — (31.152KN/m * a) — 4.43KN
= 385.1 — 31.152a
VDW =V (DWe)
= (WL/2) —wa
= (2.88KN/m * 25/2) — (2.88KN/m * q)
=36 — 2.88a
Bending Moment
MDC = M(DCi) + M(Ld) + M(Lde)
=wa(L—a)/2+ P2x*a+ 0.25P1
= (31.152KN/m * a(25m — a)/2) + (4.43KN * a) + (0.25 * 2.96KN)
= 15.576a(25 — a) + 4.43a + 0.74
MDW = M(DWe)
=wa(L —a)/2
= (2.88KN/mxa) * (25m —a)/2
= 1.44a(25 — a)
Girder Live loading
Truck and Lane Load Shear Force at a Section
From Eq. [5-1a] & [5-1b]
Virl = (P1/L)*((L—a) + (L—a—43m) + K * (L —a— 8.6m))
= (145KN/m/25m) * ((25m —a) + (25m —a — 4.3m) + 7/29(25m — a — 8.6m)
= 288 — 12.998a
VL =05%(L—a)2 «U/L
= 0.5 * (25m — a)2 * (3KN/m)/25m
= 3(25 - a)2/50
Truck and Lane Load Bending Moment at a Section
From Eq. [5-2a] & [5-2Db]
Mty = P1*(a/L)x((L—a)+ (L—a—43m)+ K * (L —a—8.6m))
= 145 * (a/25m) * ((25 —a) + (25m —a — 4.3m) + 7/29(25m — a — 8.6m))



= 5.8a(49.658 — 2.241q)
= 288a — 12.998a2
ML =05%a (L —a)2U/L
= 0.5 * a(25m — a)2 * (3KN/m)/25m
= 3a(25 — a)2/50
Tandem and Lane Load Shear Force at a Section
From Eq. [5-5a] & [5-5b]
Vtml = (P3/L) * ((L—a) + (L —a—1.2))
= (110KN/25m) * ((25m —a) + (25m —a — 1.2))
= 4.4(48.8 — 2a)
= 214.72 — 8.8a
VL =05 * (L —a)2U/L
= 0.5 * (25m — a)2 * (3KN/m)/25m
= 3(25 - a)2/50
Tandem and Lane Load Bending Moment at a Section
From Eq. [5-6a] & [5-6b]
Mgy = P3*(a/L)* (L —a) + (L —a —12))
= 110KN * (a/25m) * ((25m — a) + (25m — a — 1.2m))
= 214.72a — 8.8a?
ML = 0.5 * a(L — a)2U/L
= 0.5 * a(25m — a)2 * (3KN/m)/25m
= 3a(25 — a)2/50
The live load interior and exterior girder shear force and bending moment shall be multiplied
by the distribution factors obtained as in live load distribution factors and the dynamic load
allowance.
Note: We do not apply dynamic load allowance for lane loading.
Interior Girder
Shear
Virl = (288 — 12.998a) = 0.83 * 1.2
= 286.848 — 12.946a
Viml = (214.72 — 8.8a) * 0.83 * 1.2
= 213.861 — 8.765a

VL = [3(25 — a)2/50] * 0.83
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= 0.05(25 — a)2
Moment
My = (288a — 12.998a2) + 0.944 * 1.2
= 326.246a — 14.724a2
M = (214.72a — 8.8a2) * 0.944 * 1.2
= 243.235a — 9.969a2
ML = [3a(25 — a)2/50] * 0.944
= 0.0566a(25 — a)?2

Exterior Girder
Shear
Virl = (288 — 12.998a) * 1.024 * 1.2
= 353.894 — 15.972a
Viml = (214.72 — 8.8a) * 1.024 * 1.2
= 263.848 — 10.813a
VL = [3(25 — a)2/50] * 1.024
= 0.0614(25 — a)2
Moment
M) = (288a — 12.998a2) * 1.024 * 1.2
= 353.894a — 15.972a2
Mtml = (214.72a — 8.8a2) * 1.024 * 1.2
= 263.848a — 10.813a2
ML = [3a(25 — a)2/50] * 1.024
= 0.0614(25 — a)2

Rating of Interior Girder
Determination of angle 6
Shear at Critical Section
The critical section near the supports is the greater of 0.5 dy, cot 8 and d,
dy = de —a/2 =0.9d,,0.72h
Where,
de = h- yp, is the effective depth measured from the extreme compression fiber to the
centroid of th’e tensile force

0 is the angle of inclination of diagonal compressive stress.
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h=1.7m,yb = 0.29m

de = h-yb=17m—0.29m = 1.41m

dy = dg—a/2 >0.9d,,0.72h

=141m—0.0lm > 09 x1.41m,0.72 x 1.7m

=1.4m

The calculation procedure assumes a value for 6 and solves to verify the assumption. Iteration

is used until a solution is found.

Assume 8 = 40°degrees.

Dead Load Moments at distance a:

MDC = 15.576a(25 — a) + 8.86a + 1.478
MDW = 2.374a(25 — a)

Dead Load shear at distance a:

VDC = 380.54 —31.152a

VDW = 59.35 —4.748a

Live Load Moment at distance a:

Applying impact factor and distribution factor, the live loads are

My = 326.246a — 14.724a2

Mpm = 243.235a — 9.969a2

ML (No dynamic allowance) = 0.053(25 — a)2

MTL = Max [(Mtrl + ML), (Mtml + ML)]

Live Load Shear at distance a:

Vtrl = 286.848 —12.946a

Vtml = 213.861 — 8.765a

VL(No dynamic allowance) = 0.05(25 — a)2

VTL = Max [(Vtrl+ VL), Vtml + VL)]

Mu = 1.25MDC + 1.5MDW + 1.75MTL

Vu = 1.25VDC + 1.5VDW + 1.75VTL

Check minimum amount of transverse reinforcement using,
Avfy/bws > 0.06Vfc’ (Sl Units)
(m * 122 /4) * 300/470 * 150 > 0.06v/24
0.481 > 0.294
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Minimum amount of transverse reinforcement condition is satisfied; determine average shear
stress,v.
v =Vy/dbydy
&y = [(My/dy) + (0.5Ny) + (0.5VUcot 8)]/ 2(EgAg) < 0.002
Es = 200000Mpa = 200 * 106KN /m2
Ag = 314mm2 x 14 = 4.396 * 10-3m?2
If £, is negative, it shall be multiplied by the following factor:
Fe = (EsAs)/ [(EcAc) + (EsAs)]
The values are positive, no need of multiplication by the factor.
From Table 4-3 with s, and1000¢,;
After a number of iterations, It is found that & = 37.194%and 8 = 2.102
The critical shear section is at ‘a’ distance from face of support, Max {d,, 0.5d,cot6}
From iteration, a = 1.846m
The shear effects are recalculated based on the controlling section
Recalculated shear values at Critical Section
Shear due to dead load (VDC) = 315.243KN
Shear due to dead load (VDW) = 49.398KN
Shear due to live load (VTL) = 285.942KN
Calculate Shear Strength Capacity
a) Using Modified Compression Theory (MCFT)
Ve(ERA) = 0.0838 /. bydy, Ve (SI Units)
by, =0.37m,dy, = 1.40m and f /' = 24Mpa
Ve =0.083 = 2.102v24 * 370 * 1400
= 442.737

Vs = Apfydycot 0/s
Stirrup spacing(s) = 140mm
Ay = nD2/4

=m*122/4

= 113.04mm?2
Vs = 113.04 * 300 * 1400 * cot(37.194%) /140mm

= 447.177KN
Vi = Ve + Vg < 0.25f.bypdy,
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Ve + Vg = 442.737KN + 447.177KN
= 889.914KN

0.25f 'by,dy, = 0.25 * 24000KN /m2 * 0.37m * 1.4m
= 3108KN

Therefore,

Ry = Vj, = 889.914KN

b) Using 45° Truss Model

Ve =0.1667 /1" byd

= 0.1667 x V24 « 370 = 1400

= 423.03KN
Vs = Apfyd/s
= 113.04 * 300 * 1400/140
= 339.12KN
Vn =Vc+ Vs = 423.03KN + 339.12KN
= 762.15KN

LRFR Load Rating Results
Strength — Shear
At Critical Section:
Shear force capacity (Ry;) = 889.914KN
Shear due to dead load (VDC) = 315.243KN
Shear due to dead load (VDW) = 49.398KN
Shear due to live load (VTL) = 285.942KN
Inventory:
RF [y = [@wcoso Ry —YpcDC — Y pywDW]/Y LLL(1 + IM)
=[(0.9 * 1.0 * 1.0 * 889.914) — (1.25 * 315.24) — (1.5 * 49.40)]/(1.75 * 285.94)
= 0.665
Operating:
RFop = [pcoso Ry —YpcDC —YpywDW]/Y [ LL(1 + IM)
= [(0.9 * 1.0 * 1.0 * 889.914) — (1.25 * 315.24) — (1.5 * 49.40)]/(1.35 * 285.94)
= 0.862
The inventory and operating level rating factors are less than unity. So we need to check for
the legal loads.
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Rating of Bridge Girder for ERA Legal Loads
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ERA Legal Loads

Loading for Type 3 Legal Load
Shear Force and Bending Moment Determination
Shear Force
mq1= (L—a)/L = (25—a)/25
mp = (L—a—12)/25= (23.8—-a)/25
m3 = (L—a—5.7)/25= (19.3 —a)/25
Vr3 = (p1m1 +pym2 +p3m3)
=77(25 —a)/25 + 77(23.8 — a) /25 + 73(19.3 — a) /25
= (1925 —-77a + 1832.6 — 77a + 1408.9 — 73a) /25
= 206.66 — 9.08a
By applying live load distribution factor and dynamic load allowance,
V13 = (206.66 —9.08a) 1.2 x 0.83
= 205.833 — 9.044a
Bending Moment
M73 = 206.66a — 9.08a2
By applying live load distribution factor and dynamic load allowance,
M73 = (206.66a — 9.08a2) * 1.2 * 0.944

70 70
45 70 70
| 4.5 | | 52 33114 66 1.2
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= 234.104a — 10.286a2

In the same manner as before,
The angle is found as & = 33.297%nd g = 2.34
Recalculated shear values at Critical Section
Shear due to dead load (VDC) = 306.308KN
Shear due to dead load (VDW) = 48.036KN
Shear due to live load (VTL) = 209.859KN
Calculate Shear Strength Capacity
Ve(ERA) = 0.0838 /. bydy, Ve (SI Units)
by =0.37m,d, = 1.40m, f/. = 24Mpa
Ve =0.083 2.34+/24 * 370 * 1400

= 492.867KN
Vs = Apfydycot 0/s
Stirrup spacing(s) = 140mm
Ay = nD2/4

= 122/4

= 113.04mm?2
Vs = 113.04 * 300 * 1400 * cot(33.297%)/140mm

= 516.65KN
Vip = Ve + Vg < 0.25f:bydy,

Ve + Vs = 520.248KN + 516.65KN
= 1036.898KN
0.25f'bydy, = 0.25 * 24000KN /m2 * 0.37m * 1.4m
= 3108KN

Therefore,
Ry = Vy, = 1036.898KN

LRFR Shear Rating Result

At Critical Section:

Shear force capacity (R;;) = 1036.898KN
Shear due to dead load (VDC) = 306.308KN
Shear due to dead load (VDW) = 48.036KN



Shear due to live load (VTL) = 209.859KN
RF = [pcpsp Ry —YpcDC —YpwDW]/YLL(1 + IM)

= [(0.9 % 1.0 * 1.0 * 1036.898) — (1.25 % 306.31) — (1.5 * 48.04)]/(1.65 * 209.86)

= 1.381

Loading for Type 3-2 Legal Load

Shear Force and Bending Moment Determination

Shear Force

m1= (L—a)/L = (25—a)/25

mp = (L—a—-12)/L= (23.8—-a)/25

m3= (L—a—-78)/L= (17.2—-a)/25

mg= (L—a—-9.0)/L = (16.0—-a)/25

mg = (L—a—123)/L = (12.7 —a)/25

V132 = (p1myq + p2mg + p3m3 + pamy + p5ms)
=70(25-2)/25+70(23.8-2)/25+70(17.2-a)/25+70(16-a)/25+45(12.7-a)/25
= (1750-70a+1666-70a+1204-70a+1120-70a+571.5-45a)/25
=252.46-13a

By applying live load distribution factor and dynamic load allowance,
VT13-2 = (252.46 — 13a) » 1.2 x 0.83

= 251.450 — 12.948a

Bending Moment
MT3.9= 252.46a — 13a2
Similarly,
MT3.9= (252.46a — 13a2) * 1.2 * 0.944

= 285.987a — 14.726a2
In the same manner as before,
The angle is found as & = 33.539%and § = 2.333
Recalculated shear values at Critical Section
Shear due to dead load (VDC) = 306.915KN
Shear due to dead load (VDW) = 48.129KN
Shear due to live load (VTL) = 246.469KN
Calculate Shear Strength Capacity

Ve(ERA) = 0.0838 /. bydy, Ve (SI Units)
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by = 0.37m,d, = 1.40m, fc’ = 24Mpa
Ve = 0.083 * 2.333v24 * 370 * 1400
= 491.393KN
Vs = Ayfydycot 0/s
Stirrup spacing(s) = 140mm
Ay = nD2/4
=1 122/4
= 113.04mm?2
Vs = 113.04 * 300 * 1400 * cot(33.539%)/140
= 511.928KN
Vp = Ve + Vg < 0.25fbpdy
Ve + Vg = 491.393KN + 511.928KN
= 1003.321KN
0.25f'bydy, = 0.25 * 24000KN /m2 * 0.37m * 1.4m
= 3108KN
Therefore,
Ry = Vy, = 1003.321KN
LRFR Load Rating Result
At Critical Section:
Shear force capacity (Rn) = 1003.321KN
Shear due to dead load (VDC) = 306.915KN
Shear due to dead load (VDW) = 48.129KN
Shear due to live load (VTL) = 246.469
RF = [@cpsp Ry —YpcDC —YpwDW]/YLL(1 + IM)
= [(0.9 * 1.0 * 1.0 * 1003.32) — (1.25 * 306.92) — (1.5 * 48.13)]/(1.65 * 246.47)
=1.10
Loading for Type 3-3 Legal Load
Shear Force and Bending Moment Determination
Shear Force
m1= (L—a)/L = (25—a)/25
my = (L—a—12)/L= (23.8—a)/25
m3= (L—a—-61)/L= (189 —a)/25



mg = (L—a—10.6)/L = (14.4 —a)/25
ms = (L—a—118)/L = (13.2 — a)/25
mg= (L—a—163)/L = (8.7 —a)/25

VT13-3= (p1m1 + ppmy + p3m3 + pagmy + psms + peme)

=63(25-a)/25+63(23.8-a)/25+73(18.9-a)/25+55(14.4-a)/25+55(13.2-2)/25+55(8.7-a)/25

= 258.024 — 14.56a
Bending Moment
MT3.3= 258.024a — 14.56a2

Applying live load distribution factor and dynamic load allowance;

MT3.3= (258.024a — 14.56a2) * 1.2 * 0.944

= 292.290a — 16.494a2
VT3-3= (258.024 — 14.56a) * 1.2 * 0.83

= 256.992 — 14.502a
In the same manner as before,
The angle is found as @ = 33.58%and f = 2.332
Recalculated shear values at Critical Section
Shear due to dead load (VDC) = 312.872KN
Shear due to dead load (VDW) = 48.143KN
Shear due to live load (VTL) = 248.391KN
Calculate Shear Strength Capacity
Ve(ERA) = 0.0838 /. bydy, Ve (SI Units)
by = 0.37m,dyy = 1.40m, fc'= 24Mpa
Ve =0.083 % 2.332V24 * 370 * 1400
= 491.182KN
Vs = Apfydycot 0/s
Stirrup spacing(s) = 140mm
Av = D2 /4
= (m * 122/4)
= 113.04mm?2
Vs = 113.04 * 300 * 1400 * cot(33.578%) /140
= 511.174KN
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Vi = Ve + Vg < 0.25fbypdy,
Ve + Vg = 491.182KN + 511.174KN
= 1002.356KN
0.25f'by,dy, = 0.25 * 24000KN /m2 * 0.37m * 1.4m
= 3108KN

Therefore,
Ry = Vy = 1002.356KN
LRFR Load Rating Result
At Critical Section:
Shear force capacity (Ry;) = 1002.356KN
Shear due to dead load (VDC) = 312.872KN
Shear due to dead load (VDW) = 48.143KN
Shear due to live load (VTL) = 248.391KN
RF = [$cdsd Ry — YpcDC — Y pwDWI/YLLL(1 + IM)

= [(0.9 * 1.0 * 1.0 * 1002.36) — (1.25 * 312.87) — (1.5 * 48.14)]/(1.65 * 248.39)

= 1.07
The design load rating results above shows that it does not fulfil the criteria for design

loading but it almost fulfils the requirement to resist the ERA legal loading.

6.3. Bridge Girder 2 LRFR Analysis and Rating
Similar to the above rated bridge girder, this bridge girder is constructed by Amhara Roads
Authority and also this one is T-girder with span length of 16m. It has the same material

property as the above bridge girder.

Design Specifications

1. ERA Bridge Design Manual 2002

2. AASHTO Standard Specifications for Highway Bridges, 1998
Bridge Loadings

Dead Loads

Dead loads are based on the following loadings

Super Structure Loads

Reinforced concrete: 24KN/m?

Wearing Surface, Asphalt: 22.5KN/m?®
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Live Loading

The live loading is AASHTO HL-93

Type of Girder

The type of girder cross-section from those in Table 5-12 is Type e, i.e. Cast —in-place concrete

T-beam with monolithic concrete deck.

Input Parameters:

Bridge Geometry

Bridge Width = 7.3m
Number of Girders = 4

Left overhang = 1.15m
Girder spacing = 2.2m
Slab Thickness= 0.2m
Wearing surface = 0.1m
Girder web width= 0.38m
Girder height= 1.2m

Left curb width = 0.8m
Right curb width = 0.8m
Curb Height= 0.5m

Left skew angle = 0°

Right skew angle = 0°

Load Factors

Resistance Factor (¢) = 0.9
Condition Factor (¢.) = 1.0
System Factor (¢pg) = 1.0

Dead Load Factors

Strength I limit State

Dead load Factor (ypc) = 1.25
Dead Load Factor (ypy) = 1.50
Design Live Load Factors
Strength | Limit State
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Live Load Factor (y) (Inventory) = 1.75
Live Load Factor (y,1) (Operating) = 1.35
Dynamic Load Allowance

Dynamic load allowance = 20%

Live Load Distribution Factors

Moment for Interior Bridge Girders

One Design Lane Loaded:

Jinterior = 0.06 + (5/4300)04(5/1)0-3(kg//Lts3)01
= 0.06 + (2200/4300)0-4(2200/16000)0-3(kg/(16000 * 2003))0-1
= 0.537

Two or More Design Lanes Loaded:
interior = 0.075 + (5/4300)0-6(s/1)0-2(k 5 //Lts3)0-1
= 0.075 + (2110/4300)0-6(2110/25000)0-2(k 4/ (25000 * 2003))0-1
= 0.505
Where the value of Kg is as calculated below
Kg =n(I + Aeg?)inwhich:n = EB/ED =1
Effective flange width for interior girders
beff = min {1/4L,12ts + max (ty, 0.5wf),Squg}
beff = min{l16m/4, (12 * 0.2m) + max(0.38m, 0.5 * 2.2m),2.2m}
beff =2.2m
A =Dbeff*ts=22mx0.2m = 0.44m2
I =bh3/12 = 0.38 % 1.03/12 = 0.032m*%
eg = 0.6m
Kg=n( + Aeg?)
= 1(0.032 + 0.44 % 0.602)
= 0.1904m*
Therefore,
Interior girder live load moment distribution factor will be the max of the two values.
M gint = max (0.537,0.505)
= 0.537
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Moment for Exterior Bridge Girders

One Design Lane Loaded:

Lever Rule

de = 0.61m = (0.61/0.3048)ft = 2.00ft

S =22m=7.218ft

de + S = 2.00ft + 7.218ft = 9.218ft

de +S > 6ft

Therefore, the distribution factor lever rule equation will be:

DF =1+ (dg/S) — (3/S) =1+ (2.00ft/7.218ft) — (3ft/7.218ft)
= 0.861

When using Lever rule we shall consider multiple presence factor; for single lane loaded the
multiple presence factor is 1.2.

DF =0.861 1.2 = 1.03

Two or More Design Lanes Loaded:

g = ex* Jinterior

e = 0.77 + de /2800,de = 610

e =0.77+610/2800

= 0.988
g = 0.988 x 0.537
= 0.531
Therefore,

Exterior girder live load moment distribution factor will be the max of the two values.
= 1.03
Check for Diaphragm Contribution

NL Nb
R = [NL/Nb] + [XextYe/¥x2]

For One Lane Loaded
NL =1, Nb = 4, Xext = 3.30m, Ye = 2.45m
Y2 = (x12 + x92 + x32 + x42)
= [(3.30m)2 + (1.10m)2 + (1.10m)2 + (3.30m)2]
= 24.20m?2
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NL Nb
R = [NL/Nb] + [XextYe/Yx2]

= (1/4) + [(3.30m * 2.45m)/24.2m2]
= 0.584
For Two Lanes Loaded
Only the Values for the terms NL and Y e vary.
NL =2
Ye=—125+245=1.2

NL Nb
R = [NL/Nb] + [XextXe/Yx?]

= (2/4) + [(3.30m * 1.20m)/24.20m?2]
= 0.663

Check for Skew-ness

Skewness angle 8 = 0°

Skewness Correction Factor= 1

Shear for Interior Bridge Girders

One Design Lane Loaded:

DF =0.36 + §/7600 = 0.36 + 2200/7600
= 0.65

Two or More Design Lanes Loaded:

DF = 0.2 + (5/3600) — (5/10700)2-0

= 0.2 4+ (2200/3600) — (2200/10700)2-0
= 0.769

Therefore,

Interior girder live load shear distribution factor will be the max of the two values.

Vgint = max (0.65,0.769)

= 0.769

Shear for Exterior Bridge Girders

One Design Lane Loaded:

Lever Rule

de =0.61m = (0.61/0.3048)ft = 2.0ft

S =211m = 7.218ft

do + S = 2.0ft + 7.218ft = 9.218ft



de+S > 6ft
Therefore, the distribution factor lever rule equation will be:
DF =1+ (dp/S) — (3/S) =1+ (2.0/7.218) — (3/7.218)

= 0.861
Similarly applying multiple presence factor,
DF =0.861 1.2 =1.03
Two or More Design Lanes Loaded:
g = e*Jinterior
e = 0.6 +dp/3000
e =0.6+610/3000 = 0.803
g = 0.803 * ginterior = 0.803 * 0.853 = 0.685
Therefore,
Exterior girder live load shear distribution factor will be the max of the three values.
Vgext = max (1.03,0.769,0.663)

= 1.03
Check for Skewness
Skewness Correction Factor (for 8 = 0°) =1
Therefore,
No correction for skewness
Dead Load Calculation
Interior Girder Loading
Girder Load (Lg) = Ag*yg = [(2.20m * 0.2m) + (0.38m * 1.0m)] * 24KN /m3
= 19.680KN/m
Railing and Post Load(Lrp):
Loads from railings and post can be distributed equally to all girders
Railing Load= A, * y;- = 0.2m * 0.4m * 24KN /m3
=1.92KN/m

Post Load

= ((4*0.3m) + (2 * 0.5m)) * ((0.25m * 0.5m) + (0.15m * 0.4m)) * 24KN /m3

= 9.768KN/25m

= 0.39KN/m
Therefore,

Lrp = 1.92KN/m + 0.391KN /m



= 2.31KN/m
Lrp for each girder = (2.31KN/m)/4 = 0.578KN/m
Diaphragm Load (Ld)

Diaphragm Load will be applied on girders as concentrated load on the points where the

center lines of the girder and diaphragm meet.
For the three diaphragms
Ld = Ag *vq * length of diaphragms between faces of girders (1)
=Ad* vd*ld
Height of diaphragm = 0.9m
Thickness of diaphragm = 0.25m
Length of diaphragm (1d) = 1.82m
Ld =Ag* vd*ld
= 0.9m * 0.25m * 1.82m * 24KN /m3
= 9.828KN
Curb Load (Lcb) = Agp * yop = (0.5m + 0.8m)  24KN /m3
= 9.6KN/m
The load will be distributed equally to all the girders
Lcb/Girder = 9.6KN/m/4 = 2.4KN/m
Load from Wearing Surface (Lw) = Ay, * vy = (0.1m * 2.20m) * 22.5KN /m3
= 4.95KN/m
Total Interior Girder Load (Dci) = Lg + Lrp + Lcb
= 19.680KN/m + 0.578KN/m + 2.4KN /m
= 22.658KN
Total Interior Girder Load (Dwi) = Lw
= 4.95KN/m
Concentrated Diaphragm Load (Ld) = 9.828KN
Exterior Girder Loading
Girder Load (Lg) = Ag*vg = [(2.20m * 0.2m) + (0.38m * 1.0m)] * 24KN /m3
= 19.680KN/m

Railing and Post Load (Lrp):
As calculated for interior girders,

Lrp/girder = 0.578KN/m
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Diaphragm Load (Ld):

The diaphragm load calculation for the exterior girders is the same as of interior girders. But

we will take only half of the load for interior girders.
For the diaphragms
Ld = (Ag* vd*1d)/2
= (0.9m * 0.25m * 1.82m * 24KN /m3) /2
= 4.914KN
Curb Load (Lch) = Agp *vVep = (0.5m * 0.8m) + 24KN/m3
= 9.6KN/m
The load will be distributed equally to all the girders
Lcb/Girder = (9.6KN/m)/4 = 2.4KN/m
Load from Wearing Surface (Lw) = Ay, *yy, = (0.1m * beff) * 22.5KN /m3
Effective Flange Width for Exterior Girders
beff = min{((bef f (interior)/2) + min(L/8,6ts + 0.5ty,)), b}
Where by, is overhang width
beff = min{(2.20m/2) + min(16m/8, (6 * 0.2m) + (0.5 * 0.38m)), byy)
beff = min{(1.10m + 1.39m),1.15m}
beff =1.15m
Lw = Ay, * Yy = (0.1m = 1.15m) * 22.5KN/m3
= 2.59KN/m
Total Exterior Girder Load (DCe) = Lg + Lrp + Lcb
= 19.680KN/m + 0.578KN /m + 2.4KN /m
= 22.658KN/m
Total Exterior Girder Load (Dwe) = Lw
= 2.59KN/m

Concentrated Diaphragm Load (Ld) = 4.914KN
Interior Girder Dead Load Shear Force and Bending Moment Calculation
Shear Force
VDC = V(DCi) + V(Ld)

= wL/2 —wa + 0.5P

= (22.658 * 16m/2) — (22.658KN/m * a) + 0.5 * 9.83KN

= 186.179 — 22.658a
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VDW =V (DWe)
= (WL/2) —wa
= (4.95KN/m * 16m/2) — (4.95KN /m * a)
= 39.60 — 4.95a
Bending Moment
MDC = M(DCi) + M(Ld)
=wa(L—a)/2+ 0.5P xa
= ((22.658KN/m * a/2) * (16m — a)) + (0.5 * 9.828KN * a)
= 11.329a(16 — a) + 4.914a
MDW = M(DWe)
=wa(L —a)/2
= (495KN/m * a) * (16m — a)/2
= 2.475a(16 — a)
Exterior Girder Dead Load Shear Force and Bending Moment Calculation
Shear Force
VDC = V(DCi) + V(Ld)
= wL/2 —wa + 0.5P
= (22.658KN/m x 16m/2) — (22.658KN/m * a) + (0.5 * 4.914KN)
= 183.721 — 22.658a
VDW =V (DWe)
= wlL/2 —wa
= (2.59KN/m * 16m/2) — (2.59KN /m * a)
= 20.72 — 2.59a
Bending Moment
MDC = M(DCi) + M(Ld)
= wa/2(L—a)+ 0.5P xa
= (22.658KN/m x a(16m — a)/2) + (0.5 x 4.914KN * a)
= 11.329a(16 — a) + 2.457a
MDW = M(DWe)
=wa(L —a)/2
= (2.59KN/m * a) * (16m — a)/2
= 1.295a(16 — a)
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Girder Live loading

Truck and Lane Load Shear Force at a Section

From Eq. [5-1a] & [5-1b]

Virl = (P1/L)*(L—a) + (L—a—43m) +K*(L—a—8.6m))
= (145KN/m/16m) * ((16m — a) + (16m —a — 4.3m) + 7/29(16m — a — 8.6m)
= 267.217 — 20.31a

VL =05%(L—a)2 «U/L
= 0.5 * (16m — a)2 * (3KN/m)/16m
= 0.09375(16 — a)2

Truck and Lane Load Bending Moment at a Section

From Eq. [5-2a] & [5-2b]

Mty = P1*(a/L)x((L—a)+ (L—a—43m)+ K * (L —a—8.6m))
= 145 * (a/16m) * ((16 —a) + (16m —a — 4.3m) + 7/29(16m — a — 8.6m))
= 267.217a — 20.31a2

ML =05 x*a (L —a)2U/L
= 0.5 * a(25m — a)2 * (3KN/m)/25m
= 0.09375a(16 — a)?2

Tandem and Lane Load Shear Force at a Section

From Eq. [5-5a] & [5-5b]

Viml = (P3/L)* (L —a) + (L —a —12))
= (110KN/16m) * ((16m — a) + (16m — a — 1.2))
= 211.75—-13.75a

VL = 0.5 (L —a)2U/L
= 0.5 * (16m — a)2 * (3KN/m)/16m
= 0.09375(16 — a)2

Tandem and Lane Load Bending Moment at a Section

From Eq. [5-6a] & [5-6Db]

My = P3*(a/L)* (L —a) + (L —a —12))

= 110KN * (a/16m) * ((16m — a) + (16m — a — 1.2m))
= 211.75a — 13.75a2
ML = 0.5 * a(L — a)2U/L

= 0.5 * a(16m — a)2 * (3KN/m)/16m
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= 0.09375a(16 — a)2

The live load interior and exterior girder shear force and bending moment shall be multiplied

by the distribution factors obtained in live load distribution factors calculation and the dynamic

load allowance.

Note: We do not apply dynamic load allowance for lane loading.

Interior Girder
Shear
Vtrl = (267.217 — 20.31a) * 0.853 * 1.2
= 273.523 — 20.789a
Vtml = (211.75 — 13.75a) * 0.853 * 1.2
= 216.747 — 14.075a
VL = 0.09375(16 — a)2 * 0.853
= 0.08(16 — a)?2
Moment
Mtrl = (267.217a — 20.31a2) * 0.537 * 1.2
= 172.195a — 13.088a2
Mtml = (211.75a — 13.75a2) % 0.537 * 1.2
= 135.445a — 8.861a2
ML = 0.09375a(16 — a)2 * 0.537
= 0.05(16 — a)2
Exterior Girder
Shear
Virl = (267.217 — 20.31a) * 0.861 = 1.2
= 276.089 — 20.984a
Viml = (211.75 — 13.75q) * 0.861 * 1.2
= 218.78 — 14.207a
VL = 0.09375(16 — a)2  0.861
= 0.081(16 — a)2
Moment
Mtrl = (267.217a — 20.31a2) * 1.03 * 1.2
= 330.280a — 25.103a2
Mtml = (211.75a — 13.75a2) * 1.03 * 1.2
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= 261.723a — 16.995a2
ML = 0.09375a(16 — a)2 % 1.03 * 1.2
=0.116(16 — a)2
Rating of Interior Girder
Determination of angle 0
Shear at Critical Section
The critical section near the supports is the greater of 0.5 dy, cotf and d,.
dy = de—a/2 =0.9d,,0.72h
Where,
d is the effective depth measured from the extreme compression fiber to the centroid of the
tensile force
6 is the angle of inclination of diagonal compressive stress.
de = h-yp,h=120m,yp = 0.214m
de = h- yp =1.20m — 0.214m = 0.986m
dy = de—a/2 =09d, ,0.72h
= 0.986m — 0.01m > 0.9 x 0.986m, 0.72 * 1.2m

= 0.976m
The calculation procedure assumes a value for 6 and solves to verify the assumption. Iteration
is used until a solution is found.
Assume 8 = 400 degrees.
Dead Load Moments at distance a:

MDC = 11.329a(16 — a) + 4.914a

MDW = 2.475a(16 — a)
Dead Load shear at distance a:
VDC = 186.179 — 22.658a
VDW = 39.60 — 4.95a
Live Load Moment at distance a:
Applying impact factor and distribution factor, the live load effects are
Mtrl = 172.195a — 13.088a2
Mtml = 135.445a — 8.861a?
ML (No dynamic allowance) = 0.05(16 — a)2
MTL = Max [(Mtrl + ML), (Mtml + ML)]
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Live Load Shear at distance a:

Vtrl = 273.523 — 20.789a

Vtml = 216.747 — 14.075a

VL(No dynamic allowance) = 0.08(16 — a)?2
VTL = Max [(Vtrl+ VL), (Vtml + VL)]

Mu = 1.25MDC + 1.5MDW + 1.75MTL

Vu = 1.25VDC + 1.5VDW + 1.75VTL

Check minimum amount of transverse reinforcement using,
Avfy/bws > 0.06Vfc'  (SI Units)
(mr * 122/4) % 300/370 * 150 > 0.06V/24
0.6110 > 0.3286
The condition is satisfied; calculate the average shear stress v.
v = Vy/dbydy
&x = [(My/dy) + (0.5Ny,) + (0.5VUcot 0)]/ 2(EgAg ) < 0.002
Es = 200000Mpa = 200 * 106KN /m2
Ag = 314mm2 x 10 = 3140mm2 = 3.14 * 10-3m2
If £, is negative, it shall be multiplied by the following factor:
Fe = (EsAg)/ [(EcAc) + (EsAs)]
The values are positive, no need of multiplication by the factor.
From Table 4-2 or Table 4-3 with v/ fc" and 1000¢,
After a number of iterations, It is found that 8 = 34.4120 and 8 = 2.365
The critical shear section is at ‘a’ distance from face of support, from iteration
a=1426m
The shear effects are recalculated based on the controlling section
Recalculated shear values at Critical Section
Shear due to dead load (VDC) = 148.211KN
Shear due to dead load (VDW) = 31.305KN
Shear due to live load (VTL) = 292.3557KN
Calculate Shear Strength Capacity
a) Using Modified Compression Field Theory

V:(ERA) = 0.083p / f." bydy, Ve (SI Units)
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by, =0.27m,d,, = 0.976m, f. = 24Mpa
V(ERA) = 0.0838/f_" bydy,
= 0.083 * 2.365V24 * 270 * 976
= 253.413KN
Vs = Ayfydycot 8/s
Stirrup spacing(s) = 120mm

Av = D2 /4
= 113.04mm?2
Vs = 113.04 * 300 * 976 * cot(34.4120)/120
= 402.904KN

Vp = Ve + Vg < 0.25f'bpdy,
Ve + Vg = 253.413KN + 402.904KN
= 656.317KN
0.25f 'by,dy, = 0.25 * 24000KN /m2 % 0.27m * 0.929m
= 1504.98KN
Therefore,
Ry, = V,; = 656.317KN
b) Using 4590 Truss Model

Ve =0.1667./f, b,d

= 0.1667 V24 %270 * 976

= 215.206KN
Vs = Apfyd/s
= 113.04 * 300 * 976,120
= 275.818KN
Vn =Vc+ Vs = 215.206KN + 275.818KN
= 491.024KN

LRFR Load Rating Results

At Critical Section:

Shear force capacity (R,) = 656.317KN
Shear due to dead load (VDC) = 148.211KN
Shear due to dead load (VDW) = 31.305KN
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Shear due to live load (VTL) = 292.3557KN

Inventory:
RFny = [$cdbsd Rn —YpcDC = YpwDW]/Y [ LL(1 + IM)

= [(0.9 % 1.0 x 1.0 x 656.317) — (1.25 * 148.21) — (1.5  31.31)]/(1.75 * 292.36)

= 0.700
Operating:
RFEop = [dcdbsd Ry —YpcDC —YpywDW]/YLL(1 + IM)

= [(0.9 * 1.0 * 1.0 x 656.317) — (1.25 * 148.21) — (1.5 » 31.31)]/(1.35 * 292.36)

= 0.907
Loading for Type 3 Legal Load
Shear Force and Bending Moment Determination
Shear Force
mq1= (L—a)/L = (16 —a)/16
my = (L—a—12)/16 = (14.8 —a)/16
m3= (L—a—57)/16 = (10.3 —a)/16
VT3 = (p1m1 +pam2 +p3m3)
=77(16 —a)/16 + 77(14.8 —a)/16 + 73(10.3 — a) /16
= (1232 —77a+ 1139.6 — 77a + 751.9 — 73a) /16
= 195.219 — 14.188a
By applying live load distribution factor and dynamic load allowance,
Vr3 = (195.219 — 14.188a) * 1.2 * 0.853
= 199.826 — 14.523a
Bending Moment
Mt3 = 195.219a — 14.523a?
By applying live load distribution factor and dynamic load allowance,
M73 = (195.219a — 14.523a2) * 1.2 * 0.537
= 125.799a — 9.143a2
In the same manner as before,
The angle is found as & = 30.1590 and B = 2.455
Recalculated shear values at Critical Section
Shear due to dead load (VDC) = 142.432KN
Shear due to dead load (VDW) = 30.0428KN
Shear due to live load (VTL) = 198.395KN
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Calculate Shear Strength Capacity
Ve(ERA) = 0.0838/f.' bydy, Ve (SI Units)
by = 0.27m, dy, =0976m, f. = 24Mpa
Ve = 0.083 * 2.455V24 * 270 * 976
= 263.056KN
Vs = Ayfydycot 8/s
Stirrup spacing(s) = 120mm
Ay = nD2/4
=1 x122/4
= 113.04mm?2
Vs = 113.04 * 300 * 976 * cot(30.1590) /120
= 474.975KN
Vi = Ve + Vg < 0.25f.'bydy,
Ve + Vg = 263.056KN + 474.975KN
= 738.031KN
0.25f'bydy, = 0.25 * 24000KN /m2 % 0.27m * 976m
= 1504.98KN
Therefore,
Ry, = Vy = 738.031KN
LRFR Load Rating Result
At Critical Section:
Shear force capacity (Rn) = 738.031KN
Shear due to dead load (VDC) = 142.432KN
Shear due to dead load (VDW) = 30.043KN
Shear due to live load (VTL) = 198.395KN
RF = [bcdsdRpy —YpcDC —YpyDW]/Y[LL(1 + IM)
= [(0.9 * 1.0 * 1.0 * 738.03) — (1.25 % 142.43) — (1.5 * 30.04)]/(1.65 * 198.40)
= 1.348
Loading for Type 3-2 Legal Load
Shear Force and Bending Moment Determination
Shear Force
mi1= (L—a)/L = (16 —a)/16



my= (L—a—-12)/L= (148 —a)/16
m3= (L—a—78)/L= (82—a)/16
ma= (L—a—9.0)/L= (7.0 —a)/16
ms = (L—a—123)/L = (3.7—a)/16

VT13.2= (p1mq + p2m) + p3m3 + pgmy + psms)

= 70(16 — a)/16 + 70(14.8 — a)/16 + 70(8.2 — a) /16 + 70(7 — a)/16 + 45(3.7 — a) /16

= 211.656 — 20.313a

By applying live load distribution factor and dynamic load allowance,

VT3-2= (211.656 — 20.313a) * 1.2 * 0.853
= 216.651 — 20.792a

Bending Moment

MT3.9= 211.656a — 20.313a2

Similarly,

Mr3.0= (211.656a — 20.313a2) * 1.2 * 0.537
= 139.610a — 13.090a2

In the same manner as before,

The angle is found as © = 30.2160 and B = 2.451

Recalculated shear values at Critical Section
Shear due to dead load (VDC) = 142.520KN
Shear due to dead load (VDW) = 30.062KN
Shear due to live load (VTL) = 203.206KN
Calculate Shear Strength Capacity
Vo(ERA) = 0.0838 ./, bVdV,Vc (SI Units)

by, =0.27m, dy, =0.976m, f/ = 24Mpa
Ve = 0.083 x 2.451v/24 % 270 = 976

= 262.628KN

Vs = Apfydycot 0/s
Stirrup spacing(s) = 120mm
Av = D2 /4

=1 *122/4

= 113.04mm?2
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Vs = 113.04 * 300 * 976 * cot(30.2160)/120
= 473.889KN
Vp = Ve + Vg < 0.25f:bydy
Ve + Vg = 262.628KN + 473.889KN

= 736.517KN
0.25f'bydy, = 0.25 * 24000KN /m2 % 0.27m * 0.976m

= 1504.98KN
Therefore,
Ry, = Vy, = 736.517KN
LRFR Load Rating Result
At Critical Section:
Shear force capacity (R,) = 736.517KN
Shear due to dead load (VDC) = 142.520KN
Shear due to dead load (VDW) = 30.062KN
Shear due to live load (VTL) = 203.206KN

RF = [$cdsd Ry — YpcDC — Y pywDWI/YLLL(1 + IM)
= [(0.9 * 1.0 * 1.0 * 736.517) — (1.25 * 142.52) — (1.5 * 30.06)]/(1.65 * 203.21)
= 1.311
Loading for Type 3-3 Legal Load
Shear Force and Bending Moment Determination
Shear Force
mi1=(L—a)/L = (16 —a)/16
my = (L—a—12)/L= (148 —a)/16
m3= (L—a—6.1)/L= (9.9 —a)/16
mg= (L—a—-10.6)/L = (54—a)/16
ms= (L—a—11.8)/L = (4.2 —a)/25
mg= (L—a—-163)/L = (-0.3—-a)/25
mg IS negative shows that it is out of the bridge girder. So it is not considered.
V13-3= (p1mq +p2m2 + p3m3 + pgmy + psms)
= 63(16 — a)/16 + 63(14.8 — a)/16 + 73(9.9 — @) /16 + 55(5.4 — a) /16 + 55(4.2
—a)/l6
= (1008 — 63a +932.4 — 63a + 722.7 — 73a + 297 — 55a + 231 — 55a)/16
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= 199.444 — 19.313a
Bending Moment

MT3.3= 199.444a — 19.313a2

Applying live load distribution factor and dynamic load allowance;

M713.3= (199.444a — 19.313a2) * 1.2 * 0.537

= 128.528a — 12.445a2
VT3-3= (199.444 — 19.313a) * 1.2 + 0.853

= 204.151 — 19.769a
In the same manner as before,
The angle is found as® = 30.110and B = 2.460
Recalculated shear values at Critical Section
Shear due to dead load (VDC) = 142.35KN
Shear due to dead load (VDW) = 30.025KN
Shear due to live load (VTL) = 192.512KN
Calculate Shear Strength Capacity
Vo(ERA) = 0.0838 /. bydy, Ve (SI Units)
by, =0.27m,dy, = 0.976m, f/ = 24Mpa
Vc(ERA) = 0.083 % 2.46V/24 * 270 * 976
= 263.592KN
Vs = Apfydycot 0/s
Stirrup spacing(s) = 120mm
Ay = mD2/4
= *122/4
= 113.04mm?2
Vs = 113.04 * 300 * 976 * cot(30.1050)/120
= 476.006KN
Vi = Ve + Vg < 0.25fbydy
Ve + Vg = 263.592KN + 476.006KN
= 739.598KN
0.25f 'by,dy, = 0.25 * 24000KN /m2 % 0.27m * 0.976m
= 1504.98KN
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Therefore,

Ry, = Vp = 739.598KN

LRFR Load Rating Result

At Critical Section:

Shear force capacity (Ry,) = 739.598KN

Shear due to dead load (VDC) = 142.35KN

Shear due to dead load (VDW) = 30.025KN

Shear due to live load (VTL) = 192.512KN

RF = [bcdsd Ry —YpeDC —YpywDW]/YLL(1 + IM)
= [(0.9 * 1.0 * 1.0 * 739.598) — (1.25 * 142.35) — (1.5 * 30.03)]/(1.65 * 192.51)
= 1.394

The rating factors obtained by rating the bridge girder for the legal loading shows they fulfil

the requirement for the capacity for shear.
6.4. Bridge Girder 3 LRFR Analysis and Rating

This bridge girder is a T-girder with a span length of 20m. Similar to the previous girders,
this bridge girder has the same material properties.

Design Specifications

1. ERA Bridge Design Manual 2002

2. AASHTO Standard Specifications for Highway Bridges, 1998

Bridge Loadings

Dead Loads

Dead loads are based on the following loadings

Super Structure Loads

Reinforced concrete: 24KN/m°

Wearing Surface, Asphalt: 22 5KN/m°

Live Loading

The live loading is AASHTO HL-93

Type of Girder

The type of girder cross-section from those in Table 5-12 is Type e, i.e. Cast —in-place concrete

T-beam with monolithic concrete deck.
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Input Parameters:

Bridge Geometry

Bridge Width = 7.3m

Number of Girders = 4

Left overhang =1.3m

Girder spacing = 2.1m

Slab Thickness=0.2m

Wearing surface = 0.1m

Girder web width=0.40m

Girder height=1.6m

Left curb width = 0.8m

Right curb width = 0.8m

Curb Height=0.45m

Left skew angle =0’

Right skew angle =0’

Load Factors

Resistance Factor (¢p) = 0.9
Condition Factor (¢.) = 1.0
System Factor (¢g) = 1.0

Dead Load Factors

Strength | limit State

Dead load Factor (yp¢) = 1.25
Dead Load Factor (ypy) = 1.50
Design Live Load Factors

Strength I Limit State

Live Load Factor (yy) (Inventory) = 1.75
Live Load Factor (y;) (Operating) = 1.35
Dynamic Load Allowance
Dynamic load allowance(IM) = 20%
Live Load Distribution Factors
Moment for Interior Bridge Girders

One Design Lane Loaded:
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Jinterior = 0.06+ (5/4300)""(S/L) (kg/Lts3) "
= 0.06 + (2100/4300)"(2100/20500)""(k 4/(20500 * 2003))""
= 0.06 + (0.751 % 0.505 * 1.071)
= 0.466
Two or More Design Lanes Loaded:
Jinterior = 0.075 + (5/4300)"°(S/L)"“(kg//Lts3)""
= 0.075 + (2100/4300)°(2100/20500) " (k 4/ (20500 * 2003))""
= 0.075 4+ (0.651 * 0.634 = 1.071)
= 0.517
Where the value of Kg is as calculated below
Kg =n(I + Aeg?)inwhich:n = EB/ED
n = (EB/ED) =1,
Effective flange width for interior girders
beff = min {1/4L,12tg + max (ty, 0.5wf),Squg}
beff = min{20.5m/4, (12 * 0.2m) + max(0.40m, 0.5 * 2.10m),2.10m}
beff = min(5.125,2.4m + max(0.40m, 1.05m),2.10m}
beff =2.10m
A = beff * tg = 2.10m * 0.2m = 0.42m?
I =bh3/12 = 0.40 * 1.43/12 = 0.091m*%
eg = 0.75m
Kg = 1(0.091 + 0.42 * 0.752)
= 0.327m*
Therefore,
Interior girder live load moment distribution factor will be the max of the two values.
Mgint = max (0.466,0.517)
= 0.517
Moment for Exterior Bridge Girders
One Design Lane Loaded:
Lever Rule
de =0.90m = 2.953ft
S =2.11m = 6.89ft
do + S = 2.953ft + 6.89ft = 9.843ft



de+S > 6ft
Therefore, the distribution factor lever rule equation will be:
DF =1+ (dg/S) — (3/S) = 1+ (2.953ft/6.89ft) — (3ft/6.89ft)
= 0.993
When using Lever rule we shall consider multiple presence factor; for single lane loaded the
multiple presence factor is 1.2.
DF =0.993 % 1.2 = 1.192
Two or More Design Lanes Loaded:
g = ex* Jinterior
e = 0.77 + d, /2800,d, = 900
e =0.77 +900/2800
= 1.091
g = 1.091 * ginterior
g = 1.091 % 0.517
= 0.564
Therefore,
Exterior girder live load moment distribution factor will be the max of the two values.
M gext = max (1.192,0.564)
= 1.192
Check for Diaphragm Contribution

NL Nb
R = [NL/Nb] + [XextXe/%x?]

For One Lane Loaded

NL =1

Nb =4

Xext = 3.15m
Ye =2.72m

Y2 = (x12 + x22 + x32 + x42)
= [(3.15m)2 + (1.04m)2 + (1.04m)2 + (3.15m)2]
= 22.008m?2
R = (1/4) + [(3.15m * 2.72m)/22.008m?2]
= 0.64
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For Two Lanes Loaded

Only the Values for the terms NL and Y e vary.

NL =2

Ye=—0.13+2.72 = 2.59

R = (2/4) + [(3.15m * 2.59m)/22.008m?2]
= 0.761

The distribution factors obtained previously shall be taken since these values are lower.

Check for Skewness

Skewness angle 0=0"
Skewness Correction Factor=1
Shear Distribution Factors for Interior Bridge Girders
One Design Lane Loaded:
DF =0.36 + S/7600 = 0.36 + 2100/7600
= 0.636

Two or More Design Lanes Loaded:

DF = 0.2 4 (5/3600) — (5/10700)2-0= 0.2 + (2100/3600) — (2100/10700)2-0
= 0.745
Therefore,
Interior girder live load shear distribution factor will be the max of the two values.
Vgint = max (0.636,0.745)
= 0.745
Shear Distribution factors for Exterior Bridge Girders
One Design Lane Loaded:
Lever Rule
de =0.90m = 2.953ft
S =2.10m = 6.89ft
do +S = 2953ft + 6.89ft = 9.843ft
de +S > 6ft
Therefore, the distribution factor lever rule equation will be:
DF =1+ (dp/S) — (3/S) =1+ (2.953ft/6.89ft) — (3ft/6.89f1)
= 0.993

Similarly applying multiple presence factor,
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DF =0.993 % 1.2 = 1.192
Two or More Design Lanes Loaded:
g = e*Jinterior
e = 0.6+dp/3000
e = 0.6 +900/3000 = 0.90
g = 0.90 * ginterior = 0.90 * 0.745 = 0.671
Therefore,
Exterior girder live load shear distribution factor will be the max of the three values.
Vgext = max (1.192,0.671,0.761)
= 1.192

Check for Skewness

Skewness Correction Factor (for 6200) =1
Therefore,

No correction for skewness

Dead Load Calculation

Interior Girder Loading

Girder Load(Lg) = Ag *yg = [(2.10m x 0.2m) + (0.40m * 1.6m)] * 24KN /m3
=25.44KN/m

Railing and Post Load(Lrp):

Loads from railings and post can be distributed equally to all girders

Railing Load= A, * y,- = (0.2m * 0.4m * 24KN /m3)
= 1.92KN/m

Post Load

= ((4*0.3m) + (2 * 0.5m)) * ((0.25m * 0.5m) + (0.15m * 0.4m)) * 24KN /m3
= 9.768KN /20.5m

= 0.476KN/m
Therefore,
Lrp = 1.92KN/m + 0.476KN /m
= 2.396KN/m

Lrp for each girder= (2.396KN/m)/4 = 0.599KN /m
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Diaphragm Load (Ld)

Diaphragm Load will be applied on girders as concentrated load on the points where the

center lines of the girder and diaphragm meet.

For the interior and two end diaphragms

Ld =Ag *yq * length of diaphragms between faces of girders (14)

=Ad* vd *ld
Height of diaphragm = 1.1m
Thickness of diaphragm = 0.25m
Length of diaphragm (Id) = 1.70m
Ld=Ag* vq*lq
= 1.1m % 0.25m * 1.70m * 24KN /m3
= 11.22KN
Curb Load (Lch) = Agp *yep = (0.45m + 0.8m) * 24KN/m3
= 8.64KN/m
The load will be distributed equally to all the girders
Lcb/Girder= 8.64KN/m/4 = 2.16KN /m
Load from Wearing Surface (Lw) = Ay, * yyy = (0.1m * 2.10m) * 22.5KN /m3
= 4.725KN/m
Total Interior Girder Load (Dci) = Lg + Lrp + Lcb
= 25.44KN/m + 0.599KN /m + 2.16KN /m

= 28.199KN/m
Total Interior Girder Load (Dwi) = Lw
= 4.725KN /m

Concentrated Interior and End Diaphragm Load (Ld) = 11.22KN

Exterior Girder Loading

Girder Load (Lg) = Ag*vg = [(1.30m * 0.2m) + (0.40m * 1.6m)] * 24KN /m3
= 21.6KN/m

Railing and Post Load (Lrp):

As calculated for interior girders,

Lrp/girder= 0.599KN /m

Diaphragm Load(Ld):

101



The diaphragm load calculation for the exterior girders is the same as of interior girders. But

we will take only half of the load for interior girders.
For the interior and two exterior diaphragms
Ld = (Ag* vd*1d)/2
=11.22/2
= 5.61KN
Curb Load (Lcb) = Agp *vep = (0.45m % 0.8m) * 24KN /m3
= 8.64KN/m
The load will be distributed equally to all the girders
Lcb/Girder= (8.64KN/m)/4 = 2.16KN /m
Load from Wearing Surface (Lw) = Ay, *yy, = (0.1m * beff) * 22.5KN/m3
Effective Flange Width for Exterior Girders
beff = min{((beff(interior)/Z) + min(L/8,6tg + 0.5ty,)), boyp}
Where b4, is overhang width
beff = min{(2.10m/2) + min(20.5m/8, (6 * 0.2m) + (0.5 * 0.40m)), byy,)
beff = min{(1.05m + 1.4),1.30m}
beff =1.30m
Lw = Ay * vy = (0.1m = 1.30m) * 22.5KN/m3
= 2.925KN/m
Total Exterior Girder Load (DCe) = Lg + Lrp + Lcb
= 21.6KN/m + 0.599KN/m + 2.16KN /m
= 24.359KN/m
Total Exterior Girder Load (Dwe) = Lw
= 2.363KN/m
Concentrated Exterior Diaphragm Load (Ld) = 5.61KN
Interior Girder Dead Load Shear Force and Bending Moment Calculation
Shear Force
VDC = V(DCi) + V(Ld)
=wL/2 —-wa+5.61
= (28.199 * 20.5/2) — (28.199a) + 5.61
= 294.65 — 28.2a
VDW = V(DWi)
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= (wL/2) —wa
= (4.725KN /m * 20.5m/2) — (4.725KN/m * a)
= 48.431 — 4.725a
Bending Moment
MDC = M(DCi) + M(Ld)
=wa(L—a)/2+05*Ld*a
= 28.2a(20.5 — a)/2 + 5.61a/2
= 14.1a(20.5 — a) + 2.81a
MDW = M(DWi)
=wax*(L—a)/2
= 4.725a(20.5 — a)/2
= 2.363a(20.5 — a)
Exterior Girder Dead Load Shear Force and Bending Moment Calculation
Shear Force
VDC = V(DCe) + V(Ld)
= (wL/2) —wa + 2.81
= (24.359KN/m * 20.5m/2) — (24.359KN /m * a) + 2.81KN
= 252.49 — 24.36a
VDW =V (DWe)
= (WL/2) —wa
= (2.363KN/m * 20.5/2) — (2.363KN /m * a)
= 24.22 — 2.36a
Bending Moment
MDC = M(DCe) + M(Ld)
=wa(L—a)/2+05*Ld*a
= (24.359KN/m * a(20.5m — a)/2) + 2.81a
= 12.18a(20.5 — a) + 2.81a
MDW = M(DWe)
=wa(L —a)/2
= (2.363KN/m x a) * (20.5m — a)/2
= 1.18a(20.5 — a)
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Girder Live loading

Truck and Lane Load Shear Force at a Section

From Eq. [5-1a] & [5-1b]

Vtrl = (P1/L)*((L—a) + (L—a—43m) + K * (L —a—8.6m))

= (145KN/m/20.5m) = ((20.5m — a) + (20.5m — a — 4.3m) + 7/29(20.5m — a — 8.6m)

= 279.76 — 15.85a

VL =05%(L—a)2 «U/L
= 0.5 % (20.5m —a)2 * (3.1KN/m)/20.5m
= 3.1(20.5 — a)2/41

Truck and Lane Load Bending Moment at a Section

From Eq. [5-2a] & [5-2b]

Mtrl = P1x(a/L)*((L—a)+(L—a—43m)+ K (L —a— 8.6m))
= 145 * (a/20.5m) * ((20.5 — a) + (20.5m — a — 4.3m) + 7/29(20.5m — a — 8.6m))
= 279.76a — 15.85a2

ML =05 *a (L —a)2U/L
= 0.5 * a(20.5m — a)2 * (3.1KN /m)/20.5m
= 3.1a(20.5 — a)2/41

Tandem and Lane Load Shear Force at a Section

From Eq. [5-5a] & [5-5b]

Vtml = (P3/L)*((L—a)+ (L —a—1.2))
= (110KN/20.5m) * ((20.5m — a) + (20.5m — a — 1.2))

= 213.57 — 10.73a

VL =0.5* (L —a)2U/L
= 0.5 * (20.5m — a)2 * (3.1KN/m)/20.5m
= 3.1(20.5 — a)2/41

Tandem and Lane Load Bending Moment at a Section

From Eq. [5-6a] & [5-6Db]

Mtml = P3x*(a/L)*((L—a)+ (L —a—1.2))

= 110KN * (a/20.5m) * ((20.5m — a) + (20.5m — a — 1.2m))
= 213.57a — 10.73a?
ML = 0.5 * a(L — a)2U/L
= 0.5 * a(20.5m — a)2 * (3.1KN/m)/20.5m
= 3.1a(20.5 — a)2/41
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Interior Girder
Shear
Vtrl = (279.76 — 15.85a) * 1.2 * 0.822
= 275.955 — 15.634a
Vtml = (213.57 — 10.73a) * 0.822 * 1.2
= 210.665 — 10.58a
VL =[3.1(20.5 — a)2/41] * 0.822
= 0.062(20.5 — a)2
Moment
Mtrl = (279.76a — 15.85a2) * 0.517 * 1.2
= 173.56a — 9.83a2
Mtml = (213.57a — 10.73a2) * 0.517 % 1.2
= 132.5a — 6.6a2
ML = (0.062a(20.5 — a)2) * 0.517
= 0.032a(20.5 — )2
Exterior Girder
Shear
Vtrl = (279.76 — 15.85a) * 1.2 * 1.192
= 400.17 — 22.67a
Vtml = (213.57 — 10.73a) * 1.192 * 1.2
= 305.49 — 15.35a
VL = [3.1(20.5 — a)2/41] * 1.192
= 0.09(20.5 — a)?2
Moment
Mtrl = (279.76a — 15.85a2) * 1.192 * 1.2
= 400.17a — 22.67a?2
Mtml = (213.57a — 10.73a2) * 1.192 % 1.2
= 305.49a — 15.35a2
ML = (0.062a(20.5 — a)2) * 1.192
= 0.09a(20.5 — a)2
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Rating of Interior Girder
Determination of angle 0
Determine the Critical Section for Shear
The critical section near the supports is the greater of 0.5 d,, cot 6 and d,
dy = de—a/2 =0.9d,,0.72h
Where,
de is the effective depth measured from the extreme compression fiber to the centroid of the
tensile force
6 is the angle of inclination of diagonal compressive stress.
de = h- yp,h=15m,yp =0.20m
de = 1.5m —0.20m = 1.30m
dy = de—a/2 =0.9d,,0.72h
=1.30—-0.01m > 0.9« 1.30m, 0.72 « 1.5m

= 1.29m
The calculation procedure assumes a value for 6 and solves to verify the assumption.
Iteration is used until a solution is found.
Assume 8 = 400 degrees.
Dead Load Moments at distance a:

MDC = 14.1a(20.5 — a) + 2.81a

MDW = 1.18a(20.5 — a)
Dead Load shear at distance a:
VDC = 252.49 — 24.36a
VDW = 24.22 — 2.36a
Live Load Moment at distance a:
Applying impact factor and distribution factor, the live loads are
Mtrl = 173.56a — 9.83a?
Mtml = 132.5a — 6.6a2
ML (No dynamic allowance) = 0.032a(20.5 — a)2
MTL = Max [(Mtrl + ML), (Mtml + ML)]
Live Load Shear at distance a:
Vtrl = 275.955 — 15.634a
Vtml = 210.665 — 10.58a

VL(No dynamic allowance) = 0.062(20.5 — a)2
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VTL = Max [(Vtrl + VL), (Vtml + VL)]
Mu = 1.25MDC + 1.5MDW + 1.75MTL
Vu = 1.25VDC + 1.5VDW + 1.75VTL
Check minimum amount of transverse reinforcement using,
Avfy/bws > 0.06Vf:  (SI Units)
(mr * 122 /4) * 300/(400 * 150) > 0.06V/24
0.565 > 0.294
Minimum amount of transverse reinforcement condition is satisfied; determine average shear
stress v.
v =Vy/dbydy
&y = [(My/dy) + (0.5Ny) + (0.5VUcot 8)]/ 2(EgAg) < 0.002
Es = 200000Mpa = 200 * 106KN /m2
Ag = 615.752mm?2 * 16 = 9.852 * 10-3m2
If £, is negative, it shall be multiplied by the following factor:
Fe = (EsAg)/ [(EcAc) + (EsAs)]
The values are positive, no need of multiplication by the factor.
From Table 4-2 with v/f/ and 1000¢,;
After a number of iterations, it is found that & = 28.2590and B = 2.988,
The critical shear section is at ‘a’ distance from face of support, Max {dv, 0.5dvcot6}
a=2.651m
The shear effects are recalculated based on the controlling section
Recalculated shear values at Critical Section
Shear due to dead load (VDC) = 187.904KN
Shear due to dead load (VDW) = 17.963KN
Shear due to live load (VTL) = 254.256KN
Calculate Shear Strength Capacity
a) Using Modified Compression Field Theory

Vc(ERA) = 0.0838 / f,' bydy, Ve (SI Units)
by, =0.30m, dy=129m, f/ =24Mpa
V¢ = 0.083 % 2.988v24 * 300 * 1290

= 506.407KN

Vg = Ayfydycot 0/s
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Stirrup spacing(s) = 150mm
Av = D2 /4
=1 x122/4
= 113.04mm?2
Vs = 113.04 * 300 = 1290 * cot(28.2590) /150
= 542.569KN
Vp = Ve + Vg < 0.25f:bydy,
Ve + Vg = 506.407KN + 542.569KN
= 1048.976KN
0.25fbydy = 0.25 * 24000KN /m2 % 0.30m * 1.29m
= 2322KN
Therefore,
Ry = Vy, = 1048.976KN

b) Using 45° Truss Model
Ve =0.1667./f," byd

= 0.1667 * V24 % 300 * 1290

= 316.047KN
Vs = Apfyd/s
= 113.04 * 300 * 1290/150
= 291.643KN
Vp=Ve+ Vg =316.047KN + 291.643KN
= 607.690KN

LRFR Load Rating Result
Strength — Shear
At Critical Section:
Shear force capacity (R,) = 1048.976KN
Shear due to dead load (VDC) = 187.904KN
Shear due to dead load (VDW) = 17.963KN
Shear due to live load (VTL) = 254.256KN
Inventory:
RFE [y = [pcpsp Ry —YpcDC —YpwDW]/YLL(1 + IM)
= [(0.9 * 1.0 * 1.0 * 1048.98) — (1.25 * 187.90) — (1.5 * 17.96)]/(1.75 * 254.26)
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= 1.53
Operating:
RFop = [pcoso Ry —YpcDC —YpywDW]/Y LL(1 + IM)
= [(0.9 * 1.0 * 1.0 * 1048.98) — (1.25 * 187.90) — (1.5 * 17.96)]/(1.35 * 254.26)
= 1.98
The rating factors above are greater than unity, so this shows that the bridge girder shear
capacity fulfils the requirement for resisting design loading. So there no need to check for

legal loadings.

6.5. Bridge Girder 4 LRFR Analysis and Rating

This is a T-girder with span length of 12m and has the same material properties with the

above three girders.

Design Specifications

1. ERA Bridge Design Manual 2002

2. AASHTO Standard Specifications for Highway Bridges, 1998
Bridge Loadings

Dead Loads

Dead loads are based on the following loadings

Super Structure Loads

Reinforced concrete: 24KN/m3

Wearing Surface, Asphalt: 22 5KN/m°
Live Loading

The live loading is AASHTO HL-93
Type of Girder

The type of girder cross-section from those in Table 5-12 is Type e, i.e. Cast —in-place concrete
T-beam with monolithic concrete deck.
Input Parameters:

Bridge Geometry

Bridge Width =7.3m

Number of Girders = 4

Left overhang =1.3m

Girder spacing = 2.1m
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Slab Thickness=0.2m
Wearing surface = 0.1m
Girder web width=0.40m
Girder height=0.9m

Left curb width = 0.75m
Right curb width = 0.75m
Curb Height=0.30m

Left skew angle =0’

Right skew angle =0’
Load Factors

Resistance Factor (¢) = 0.9

Condition Factor (¢.) = 1.0

System Factor (¢g) = 1.0

Dead Load Factors

Strength | limit State

Dead load Factor (yp¢) = 1.25

Dead Load Factor (ypy) = 1.50

Design Live Load Factors

Strength I Limit State

Live Load Factor (v} 1) (Inventory) = 1.75
Live Load Factor (y) (Operating) = 1.35
Dynamic Load Allowance

Dynamic load allowance(IM) = 20%

Live Load Distribution Factors

Moment for Interior Bridge Girders

One Design Lane Loaded:

interior = 0.06 + (5/4300)0-4(5/1)0-3(k 4/Lt¢3)0-1
= 0.06 + (2100/4300)04(2100/12500)0-3(k 4/(12500 * 2003))0-1

= 0.06 + (0.751 x 0.586 = 1.009)
= 0.504
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Two or More Design Lanes Loaded:
ginterior = 0.075 + (5/4300)0-6(5/1)0-2(k 5/ /Lt$3)0-1
= 0.075 + (2100/4300)0-6(2100/12500)0-2(k 4 /(12500 * 2003))0-1
= 0.075 + (0.651 * 0.700 * 1.009)
= 0.535
Where the value of Kg is as calculated below
Kg =n(l + Aeg?)inwhich:n = EB/ED
n = (EBJED) =1
Effective flange width for interior girders
beff = min {1/4L,12tg + max (ty, 0.5wf),Squg}
beff = min{12.5m/4, (12 * 0.2m) + max(0.40m, 0.5 * 2.10m),2.10m}
beff = min(3.125,2.4m + max(0.40m, 1.05m),2.10m}
beff =2.10m
A =beff *tg =2.10m * 0.2m = 0.42m2
I =bh3/12 = 0.40 * 0.93/12 = 0.0243m*%
eg = 0.45m
Kg=n( + Aeg?)
= 1(0.0243 + 0.42 * 0.452)
= 0.109m*
Therefore,
Interior girder live load moment distribution factor will be the max of the two values.
Mgint = max (0.504, 0.535)
= 0.535
Moment for Exterior Bridge Girders
One Design Lane Loaded:
Lever Rule
de = 0.85m = 2.79ft
S =2.10m = 6.89ft
de +S = 2.79ft + 6.89ft = 9.68ft
de +S > 6ft
Therefore, the distribution factor lever rule equation will be:
DF =1+ (dg/S) — (3/S) =1+ (2.79ft/6.89ft) — (3ft/6.89f1)
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= 0.97

When using Lever rule we shall consider multiple presence factor; for single lane loaded the
multiple presence factor is 1.2.
DF =097 1.2 =1.16
Two or More Design Lanes Loaded:
g = e*Jinterior
e = 0.77 + de /2800,d, = 850
e =0.77 +850/2800
= 1.074
g = 1.074 * ginterior
g =1.074 % 0.535

= 0.575
Therefore,
Exterior girder live load moment distribution factor will be the max of the two values.
Mgext = max (1.16,0.575)

= 1.16

Check for Diaphragm Contribution

NL Nb
R = [NL/Nb] + [Xexte/%x?]

For One Lane Loaded

NL=1,Nb=4,Xpyxt =3.15m,Ye = 2.72m

Y2 = (x12 + x22 + x32 + x42)
= [(3.15m)2 + (1.04m)2 + (1.04m)2 + (3.15m)2]
= 22.01m?

R = (1/4) + [(3.15m * 2.72m)/22.01m?2]
= 0.64

For Two Lanes Loaded

Only the Values for the terms NL and Y e vary.

NL =2

Ye =-0.13+ 2.72 = 2.59

R = (2/4) + [(3.15m * 2.59m)/22.008m?2]
= 0.761

The distribution factors obtained previously shall be taken since these values are lower.
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Check for Skewness
Skewness angle 6 = 00
Skewness Correction Factor=1
Shear Distribution Factors for Interior Bridge Girders
One Design Lane Loaded:
DF =0.36 + S/7600 = 0.36 + 2100/7600
= 0.636

Two or More Design Lanes Loaded:

DF = 0.2 + (5/3600) — (5/10700)2-0= 0.2 + (2100/3600) — (2100/10700)2.0
= 0.745
Therefore,
Interior girder live load shear distribution factor will be the max of the two values.
Vgint = max (0.636,0.745)
= 0.745
Shear Distribution factors for Exterior Bridge Girders
One Design Lane Loaded:
Lever Rule
de = 0.85m = 2.79ft
S =2.10m = 6.89ft
de + S = 2.79ft + 6.89ft = 9.68ft
de +S > 6ft
Therefore, the distribution factor lever rule equation will be:
DF =14 (dp/S) — (3/S) =1+ (2.79ft/6.89ft) — (3ft/6.89f1)
= 0.97
Similarly applying multiple presence factor,
DF =097 1.2 =1.164
Two or More Design Lanes Loaded:
g = e* Jinterior
e = 0.6 +dp/3000
e = 0.6 +850/3000 = 0.883
g = 0.883 * ginterior = 0.883 * 0.745 = 0.658
gext =0.658 2 = 1.315
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Therefore,
Exterior girder live load shear distribution factor will be the max of the three values.
Vgext = max (1.164,1.315,0.761)
= 1.315
Check for Skewness
Skewness Correction Factor (for 8 = 00) = 1
Therefore,
No correction for skewness
Dead Load Calculation
Interior Girder Loading
Girder Load (Lg) = Ag*yg = [(2.10m * 0.2m) + (0.40m * 0.9m)] * 24KN /m3
= 18.72KN/m
Railing and Post Load (Lrp):
Loads from railings and post can be distributed equally to all girders
Railing Load= A, * y;- = (0.2m * 0.4m * 24KN /m3)
= 1.92KN/m
Post Load= ((4 * 0.3m) + (2 * 0.5m)) * ((0.25m * 0.5m) + (0.15m * 0.4m)) * 24KN /m3
= 9.768KN/12.5m

= 0.781KN/m
Therefore,
Lrp = 1.92KN/m + 0.781KN /m
= 2.7KN/m

Lrp for each girder = (2.7KN/m)/4 = 0.675KN /m
Diaphragm Load (Ld)
Diaphragm Load will be applied on girders as concentrated load on the points where the
center lines of the girder and diaphragm meet.
For the interior and two end diaphragms

Ld =Ag *yq * length of diaphragms between faces of girders (1)

=Ad* vd*ld
Height of diaphragm = 0.75m
Thickness of diaphragm = 0.30m
Length of diaphragm (I{g) = 1.70m

Ld =Ag* yqg*lg
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= 0.75m * 0.25m * 1.70m * 24KN /m3

= 7.65KN
Curb Load (Lch) = Acp *yep = (0.3m +0.75m) * 24KN/m3

= 5.4KN/m
The load will be distributed equally to all the girders
Lcb/Girder= 5.4KN/m/4 = 1.35KN /m
Load from Wearing Surface (Lw) = Ay, * yyy = (0.1m * 2.10m) * 22.5KN /m3
= 4.725KN /m
Total Interior Girder Load (Dci) = Lg + Lrp + Lcb
= 18.72KN/m + 0.675KN/m + 1.35KN /m
= 20.745KN/m
Total Interior Girder Load (Dwi) = Lw
= 4.725KN/m
Concentrated Interior and End Diaphragm Load (Ld) = 7.65KN
Exterior Girder Loading
Girder Load (Lg) = Ag *yg = [(1.30m * 0.2m) + (0.40m * 0.9m)] * 24KN /m3
= 14.88KN/m
Railing and Post Load (Lrp):
As calculated for interior girders,
Lrp/girder = 0.675KN/m
Diaphragm Load (Ld):
The diaphragm load calculation for the exterior girders is the same as of interior girders. But
we will take only half of the load for interior girders.
For the interior and two exterior diaphragms
Ld = (Ag* vd*1d)/2

= 7.65/2

= 3.825KN
The load will be distributed equally to all the girders
Curb Load (Lcb) = 1.35KN/m
Load from Wearing Surface (Lw) = Ay * yy = (0.1m * bof ) * 22.5KN/m3
Effective Flange Width for Exterior Girders
beff = min{((bef f (interior)/2) + min(L/8,6ts + 0.5tw)), bov}
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Where bov is overhang width

beff = min{(2.10m/2) + min(12.5m/8, (6 * 0.2m) + (0.5 * 0.40m)), bov)

beff = min{(1.05m + 1.4),1.30m}

beff =1.30m
Lw = Aw * yw = (0.1m * 1.30m) * 22.5KN /m3
= 2.925KN/m

Total Exterior Girder Load (DCe) = Lg + Lrp + Lcb
= 14.88KN/m + 0.675KN/m + 1.35KN /m
= 16.905KN/m
Total Exterior Girder Load (Dwe) = Lw
= 2.925KN/m

Concentrated Exterior Diaphragm Load (Ld) = 3.825KN

Interior Girder Dead Load Shear Force and Bending Moment Calculation

Shear Force
VDC = V(DCi)+ V(Ld)
=wL/2 —wa + 3.825
= (20.745 x 12.5/2) — (20.745a) + 3.825
= 133.481 — 20.745a
VDW = V(DWi)
= (WL/2) —wa
= (4.725KN/m * 12.5m/2) — (4.725KN /m * a)
= 29.531 — 4.725a
Bending Moment
MDC = M(DCi)+ M(Ld)
=wa(L—a)/2+05*Ld*a
= 20.745a(12.5 - a)/2 + 7.65a/2
= 10.375a(12.5 — a) + 3.83a
MDW = M(DWi)
=wax*(L—a)/2
= 4.725a(12.5 — a)/2
= 2.363a(12.5 - a)
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Exterior Girder Dead Load Shear Force and Bending Moment Calculation
Shear Force
VDC = V(DCe) + V(Lde)
= (wL/2) —wa + 3.825
= (16.905KN/m * 12.5m/2) — (16.905KN /m * a) + 3.825KN
= 109.48 — 16.91a
VDW =V (DWe)
= (WL/2) —wa
= (2.925KN/m  12.5/2) — (2.925KN /m * a)
= 18.28 — 2.93a
Bending Moment
MDC = M(DCe) + M(Ld)
=wa(L—a)/2+05*Ld*a
= (16.91KN/m * a(12.5m — a)/2) + 3.83a
= 8.46a(12.5 — a) + 3.83a
MDW = M(DWe)
=wa(L —a)/2
= (293KN/m xa) * (12.5m — a)/2
= 1.47a(12.5 — a)
Girder Live loading
Truck and Lane Load Shear Force at a Section
From Eq. [5-1a] & [5-1b]
Vtrl = (P1/L)*((L—a) + (L—a—43m) + K x(L—a — 8.6m))
= (145KN/m/12.5m) * ((12.5m — a) + (12.5m — a — 4.3m) + 7/29(12.5m — a — 8.6m)
= 251.04 — 25.70a
VL =0.5%(L—a)2 «U/L
= 0.5 * (12.5m — a)2 * (3.1KN/m)/12.5m
=3.1(12.5 — a)2/25
Truck and Lane Load Bending Moment at a Section
From Eq. [5-2a] & [5-2b]
Mty = P1*(a/L)x(L—a)+ (L—a—43m)+ K * (L —a—8.6m))
=145 % (a/12.5m) * ((125 —a) + (12.5m —a — 4.3m) + 7/29(12.5m — a — 8.6m))

= 251.04a — 25.70a2
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ML =05%*a (L —a)2U/L
= 0.5 * a(12.5m — a)2 * (3.1KN /m)/12.5m
= 3.1a(12.5 — a)2/25

Tandem and Lane Load Shear Force at a Section
From Eq. [5-5a] & [5-5b]
Viml = (P3/L)* (L —a) + (L —a—12))
= (110KN/12.5m) * ((12.5m — a) + (12.5m — a — 1.2))
= 8.8(23.8 — 2a)
= 209.44 — 17.6a
VL =05 * (L —a)2U/L
= 0.5 * (12.5m — a)2 * (3.1KN/m)/12.5m
= 3.1(12.5 — a)2/25
Tandem and Lane Load Bending Moment at a Section
From Eq. [5-6a] & [5-6b]
My = P3*(a/L)* (L —a) + (L —a—12))
= 110KN * (a/12.5m) * ((12.5m — a) + (12.5m — a — 1.2m))
= 209.44a — 17.6a2
ML = 0.5 * a(L — a)2U/L
= 0.5 * a(12.5m — a)2 * (3.1KN/m)/12.5m
= 3.1a(12.5 — a)2/25
The live load interior and exterior girder shear force and bending moment shall be multiplied
by the distribution factors obtained as in live load distribution factors and the dynamic load
allowance.
Note: We do not apply dynamic load allowance for lane loading.
Interior Girder
Shear
Virl = (251.04 — 25.70a) * 1.2 * 0.822
= 247.626 — 25.351a
Vimil = (209.44 — 17.6a) * 0.822 * 1.2
= 206.592 — 17.361a
VL =[3.1(12.5 — a)2/25] * 0.822

= 0.102(12.5 — a)2
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Moment
My = (251.04a — 25.70a2) * 1.2 * 0.535
= 161.17a — 16.50a2
Mtml = (209.44a — 17.6a2) * 1.2 * 0.535
= 134.46a — 11.30a2
ML = 0.102a(12.5 — a)2 * 0.535
= 0.055a(12.5 — )2
Exterior Girder
Shear
Vtrl = (251.04 — 25.70a) = 1.2 = 1.164
= 350.653 — 35.90a
Vtml = (209.44 — 17.6a) * 1.164 * 1.2
= 292.546 — 24.584a
VL =[3.1(12.5 — a)2/25] * 1.164
= 0.144(12.5 — a)2
Moment
My = (251.04a — 25.70a2) * 1.2 * 1.16
= 349.45a — 35.774a?
Mpm = (209.44a — 17.6a2) * 1.2 * 1.16
= 291.54a — 24.50a?
ML =0.102a(12.5 — a)2 * 1.16
= 0.118a(12.5 — a)2
Rating of Interior Girder
Determination of angle 6
Shear at Critical Section
The critical section near the supports is the greater of 0.5 dy, cot 6 and d,
dy = de —a/2 = 0.9de,0.72h
Where,
de is the effective depth measured from the extreme compression fiber to the centroid of the
tensile force

6 is the angle of inclination of diagonal compressive stress.

de = h-yp
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h=09m
yp = 0.15m
de = h-yp=09m—0.15m = 0.75m
dy = de —a/2 =209de,0.72h
=0.75—-0.01m > 0.9« 0.75m,0.72 « 0.9m

= 0.74m
The calculation procedure assumes a value for 8 and solves to verify the assumption. Iteration
is used until solution is found.
Assume 6 = 400 degrees.
Dead Load Moments at distance a:

MDC = 10.375a(12.5 — a) + 3.83a

MDW = 2.363a(12.5 — a)
Dead Load shear at distance a:
VDC = 133.481 — 20.745a
VDW = 18.28 — 2.93a

Live Load Moment at distance a:
Applying impact factor and distribution factor, the live loads are
My = 161.17a — 16.50a2
Mpm = 134.46a — 11.30a2
ML (No dynamic allowance) = 0.055a(12.5 — a)2
MTL = Max [(Mtrl + ML), (Mtml + ML)]
Live Load Shear at distance a:
Vir] = 247.626 — 25.351a
Viml = 206.592 — 17.361a
VL(No dynamic allowance) = 0.102(12.5 — a)?2
VTL = Max [(Vtrl + VL), (Vtml + VL)]
Mu = 1.25MDC + 1.5MDW + 1.75MTL
Vu = 1.25VDC + 1.5VDW + 1.75VTL
Check minimum amount of transverse reinforcement using,
Avfylbws >0.06Vf:  (SI Units)
(mr * 142 /4) * 300/400 * 150 > 0.06V24
0.769 > 0.294
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Minimum amount of transverse reinforcement condition is satisfied; determine average shear

stress v.

v = Vy/Pbydy

&y = [(My/dy) + (0.5Ny) + (0.5Vcot 8)]/ 2(EsAg ) < 0.002

Eg = 200000Mpa = 200 * 106KN /m?2

As = 615.752mm?2 12 = 7.389 * 10-3m2

If £, is negative, it shall be multiplied by the following factor:

Fe = (EsAs)/ [(EcAc) + (EsAs)]

The values are positive, no need of multiplication by the factor.

From Table 4-2 with v/f/ and 1000¢,;

After a number of iterations, it is found that & = 29.880and g = 2.475,

The critical shear section is at ‘a’ distance from face of support, Max {dv, 0.5dvcot6}
a=2415m

The shear effects are recalculated based on the controlling section

Recalculated shear values at Critical Section

Shear due to dead load (VDC) = 187.573KN

Shear due to dead load (VDW) = 17.931KN

Shear due to live load (VTL) = 277.291KN

Calculate Shear Strength Capacity

a) Using Modified Compression Field Theory

Vo(ERA) = 0.0838 /. bydy, Ve (SI Units)

by = 0.30m, dy, = 0.74m, f. = 24Mpa
Ve = 0.083 * 2.475v24 % 300 * 740

= 223.414KN

Vs = Apfydycot 0/s
Stirrup spacing(s) = 150mm
Av = nD2/4

=1+ 142 /4

= 153.93mm?2
Vs = 153.93 % 300 * 740 * cot(29.880) /150

= 396.505KN
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Vp = Ve + Vg < 0.25fbydy
Ve + Vg = 223.414KN + 396.505KN
=616.919KN
0.25f ’by,dy, = 0.25 * 24000KN /m2 * 0.30m * 0.74m
= 1332KN
Therefore,

Ry = Vy = 616.919KN
b) Using 45° Truss Model

Ve = 0.1667 /1, byd

= 0.1667 * V24 % 300 * 740

= 181.298KN
Vs = Apfyd/s
= 153.93 % 300 * 740/150
= 227.816KN
Vi =Ve+Vg=181.298KN + 227.816KN
= 409.114KN

LRFR Load Rating Result

Strength — Shear

At Critical Section:

Shear force capacity (R;;) = 616.919KN

Shear due to dead load (VDC) = 187.573KN

Shear due to dead load (VDW) = 17.931KN

Shear due to live load (VTL) = 277.291KN

Inventory:

RF [y = [@ceso Ry —YpcDC — Y pywDW1/Y LLL(1 + IM)

=[(0.9 * 1.0 * 1.0 * 616.92) — (1.25 % 187.57) — (1.5 * 17.93)]/(1.75 * 277.29)
= 0.606

Operating:

RFpp = [pcpsp Ry —YpcDC —YpwDW]/YLL(1 + IM)
=[(0.9 * 1.0 * 1.0 * 616.92) — (1.25 % 187.57) — (1.5 * 17.93)]/(1.35 * 277.29)
= 0.785
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Since the rating factor value is less than unity we have to check the bridge girder for ERA

Legal Loads.

Rating of Bridge Girder for ERA Legal Loads

Loading for Type 3 Legal Load

Shear Force and Bending Moment Determination
Shear Force
m1= (L—a)/L = (12.5—-a)/12.5
my = (L—a—12)/125= (11.3 —a)/12.5
m3 = (L—a—-5.7)/25= (6.8—a)/25
Vr3 = (pym1 +pam2 +p3m3)
= 77(12.5 — a)/12.5 + 77(11.3 — a)/12.5 + 73(6.8 — a) /12.5
= (962.5 — 77a + 870.1 — 77a + 496.4 — 73a)/12.5
= 186.32 — 18.16a
By applying live load distribution factor and dynamic load allowance,
Vr3 = (186.32 — 18.16a) * 1.2 * 0.822
= 183.786 — 17.913a
Bending Moment
M3 = 186.32a — 18.16a2
By applying live load distribution factor and dynamic load allowance,
M73 = (186.32a — 18.16a2) * 1.2 * 0.535
= 119.617a — 11.66a2
In the same manner as before,
The angle is foundas & = 27.9750 and 8 = 2.863
Recalculated shear values at Critical Section
Shear due to dead load (VDC) = 99.375KN
Shear due to dead load (VDW) = 13.463KN
Shear due to live load (VTL) = 181.61KN
Calculate Shear Strength Capacity

Vc(ERA) = 0.0838 / f." bydy, Ve (SI Units)
by, =0.30m, dy =0.74m, f. = 24Mpa
V¢ = 0.083 * 2.863V24 * 300 = 740
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= 258.438KN
Vs = Ayfydycot 8/s
Stirrup spacing(s) = 150mm
Ay = nD2/4
=1 % 142 /4
= 153.938mm?
Vs = 153.938 300 = 740 * cot(27.9750) /150
= 428.934KN
Vi = Ve + Vg < 025 bydy
Ve + Vg = 258.438KN + 428.934KN
= 687.372KN
0.25f:bydy, = 0.25 * 24000KN /m2 % 0.30m * 0.74m
= 1332KN
Therefore,
Ry, = Vy, = 687.372KN

LRFR Load Rating Result

Strength — Shear

At Critical Section:

Shear force capacity (R;;) = 687.3721KN
Shear due to dead load (VDC) = 99.375KN
Shear due to dead load (VDW) = 13.463KN
Shear due to live load (VTL) = 181.61KN

RF = [@c@s@ Ry —YpcDC — YpywDW]/Y [LL(1 + IM)
= [(0.9 * 1.0 * 1.0 x 687.37) — (1.25  99.38) — (1.5 x 13.46)]/(1.65 = 181.61)

= 1.583

Loading for Type 3-2 Legal Load

Shear Force and Bending Moment Determination
Shear Force

m1= (L—a)/L = (125 -a)/12.5

my = (L—a—12)/L= (11.3 — a)/12.5
m3= (L—a—-78)/L= (47 —a)/12.5
mg= (L—a—-9.0)/L= (3.5—a)/12.5
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VT3-2= (p1mq + pamp + p3m3 + pgmy)

= 70(12.5 — a)/12.5 + 70(11.3 — @) /12.5 + 70(4.7 — a)/12.5 + 70(3.5 — a) /12.5

= (875—70a + 791 — 70a + 329 — 70a + 245 — 70a)/12.5

=179.2 — 22.4a

By applying live load distribution factor and dynamic load allowance,

V3.2 = (179.2 — 22.4a) * 1.2 * 0.822
= 176.763 — 22.095a

Bending Moment
MT3.9= 176.763a — 22.095a2
Similarly,
MT3.2= (176.763a — 22.095a2) * 1.2 * 0.535
= 113.482a — 14.185a2

In the same manner as before,
The angle is found as & = 27.9750 and 8 = 2.863
Recalculated shear values at Critical Section
Shear due to dead load (VDC) = 99.375KN
Shear due to dead load (VDW) = 13.463KN
Shear due to live load (VTL) = 181.61KN
Calculate Shear Strength Capacity
Ve(ERA) = 0.0838 /. bydy, Ve (SI Units)

by, =0.30m, dy =0.74m, [/ = 24Mpa
Ve =0.083 * 2.863V24 * 300 * 740

= 258.439KN
Vs = Apfydycot 0/s
Stirrup spacing(s) = 150mm
Av = D2 /4

=1 * 142 /4

= 153.938mm?

V¢ = 153.938 x 300 * 740 * cot(27.9750)/150mm

= 428.934KN

Vi = Ve + Vg < 0.25fbypdy,
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Ve + Vg = 258.438KN + 428.934KN
= 687.372KN
0.25f'bydy, = 0.25 * 24000KN /m2 * 0.30m * 0.74m
= 1332KN
Therefore,
Ry = Vy, = 687.372KN
LRFR Load Rating Result
Strength — Shear
At Critical Section:
Shear force capacity (R;;) = 687.3721KN
Shear due to dead load (VDC) = 99.375KN
Shear due to dead load (VDW) = 13.463KN
Shear due to live load (VTL) = 181.61KN
RF = [@ces@ Ry — YpcDC — YpwDW]/YLLL(1 + IM)
= [(0.9 * 1.0 * 1.0 * 687.37) — (1.25 % 99.38) — (1.5 * 13.46)]/(1.65 * 181.61)
= 1.583

Loading for Type 3-3 Legal Load
Shear Force and Bending Moment Determination
Shear Force
m1= (L—a)/L = (125 —-a)/12.5
my = (L—a—12)/L= (11.3 —a)/12.5
m3= (L—a—-6.1)/L= (6.4—a)/12.5
my = (L—a—10.6)/L = (1.9 —a)/12.5
V13-3= (p1m1 +p2mp + p3m3 + pamy)

= 63(12.5 — a)/12.5 + 63(11.3 — a)/12.5 + 73(6.4 — a)/12.5 + 55(1.9 — a) /12.5

= (787.5—63a + 711.9 — 63a + 467.2 — 73a + 104.5 — 55a)/12.5

= 165.688 — 20.32a
Bending Moment
MT3.3= 165.688a — 20.32a2

Applying live load distribution factor and dynamic load allowance;
MT3.3= (165.688a — 20.32a2) * 1.2 * 0.535

= 106.372a — 13.045a2
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VT13-3= (165.688 — 20.32a) * 1.2 * 0.822
= 163.434 — 20.044a

In the same manner as before,
The angle is found as 6 = 28.0640 and B = 2.992
Recalculated shear values at Critical Section
Shear due to dead load (VDC) = 99.483KN
Shear due to dead load (VDW) = 13.478KN
Shear due to live load (VTL) = 157.872KN
Calculate Shear Strength Capacity
Ve(ERA) = 0.0838 /. by, dy, Ve (SI Units)

by, =0.30m, dy =0.74m, f. = 24Mpa
Ve =0.083 * 2.992+/24 * 300 * 740

= 270.083KN
Vs = Apfydycot 6/s
Stirrup spacing(s) = 150mm
Ay = nD2/4

=1 * 142 /4

= 153.938mm?

V¢ = 153.938 % 300 * 740 * cot(28.0640)/150mm

= 427.330KN
Vi = Ve + Vg < 0.25fbydy,
Ve + Vg = 270.083KN + 427.330KN
= 697.413KN

0.25f bydy, = 0.25 * 24000KN /m2  0.30m * 0.74m

= 1332KN
Therefore,
Ry, = Vy = 697.413KN
LRFR Load Rating Result
Strength — Shear
At Critical Section:
Shear force capacity (R,) = 697.413KN
Shear due to dead load (VDC) = 99.483KN
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Shear due to dead load (VDW) = 13.478KN
Shear due to live load (VTL) = 157.872KN
RF = [@pcpsp Ry —YpcDC —YpwDW] /Y[ LL(1 + IM)
= [(0.9 * 1.0 * 1.0 * 697.413) — (1.25 * 99.483) — (1.5 * 13.478)]/(1.65 * 157.872)
= 1.855
The design load rating factor shows that the bridge girder is unfit for design loading but it

fulfils the requirement to resist legal loading.
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Chapter 7.  Results and Discussions

7.1. Results
7.1.1. LRFR Results Due to Design Vehicular Load

When rating a bridge girder for design vehicular load, the rating factors that should be
checked are operating rating factor and inventory rating factor. Both rating factors for the
analyzed bridge girders are obtained as given in Fig. 7-1 and Fig. 7-2 below.
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Fig. 7-1 Operating Rating Factors for Bridge Girders
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Fig. 7-2 Inventory Rating Factors for Bridge Girders
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7.1.2. LRFR Results Due to ERA Legal Loads

As can be seen in Fig. 7-1 and Fig. 7-2, the operating rating factor values are less than unity

except that of bridge girder 3. Therefore, it is necessary to analyze the three bridge girders for

legal loads to evaluate whether the rating factors are greater than unity or not. Figs. 7-3, 7-4

and 7-5 show the legal load rating factor results obtained for the three bridge girders.
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7.1.3. Results of Shear Capacity Comparison b/n 450 Truss Model and MCFT Model

In this sub section the four bridge girders’ shear capacity from concrete, stirrup and nominal

shear capacity and average shear capacity of the four girders obtained from 45-degree truss

model are compared with those obtained from Modified Compression Field Theory (MCFT).
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Fig. 7-6 Comparison of Concrete Shear Capacity Obtained from 45-Degree Truss Model and
MCFT.
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Shear Capacity due to Stirrups in KN
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Fig. 7-7 Comparison of Stirrup Shear Capacity Obtained from 45-Degree Truss Model and
MCFT.
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Fig. 7-8 Comparison of Nominal Shear Capacity Obtained from 45-Degree Truss Model and
MCFT.
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Fig. 7-9 Comparison of Average Shear Capacity Obtained from 45-Degree Truss Model and
MCFT.

7.2. Discussion

In the evaluation of shear capacity of bridge girders, the flow chart in Fig. 3-1 shows what
procedures we should follow to rate the girders whether they are safe for use or an appropriate
action should be taken. First the girders shall be checked for the design vehicular load. The
design vehicular load, HL-93 is given in ERA Bridge Design Manual, 2002. LRFR rating
factors obtained show that three of the four bridge girders do not have enough shear capacity

for the HL-93 design vehicular live load except one bridge girder.

Rating factors due to legal loading were obtained for the three bridge girders which have
operating rating values less than unity. These legal load rating factors show that the bridge
girders have shear capacity to resist the legal loads. But the bridge girders were rated by using
analytical method. So if we use experimental method the result will be different due to the
existing condition of bridge girders, construction approach and precision, difference in

geometry and material property.

There have been many models for the determination of shear capacity which involves the
determination of concrete and reinforcement contributions to the nominal shear capacity of a

reinforced concrete. 45-degree truss model was widely used method and recently modified
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compression field theory is being used in the determination of shear capacity. The question is
which method is more reliable and economical method than the other. In this study, results
from comparison of the shear capacities from the concrete and transverse reinforcement of the
bridge girders are evaluated for the four bridge girders, finally the average shear capacities of

the four bridge girders which are obtained by the two modelling methods are compared.
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Chapter 8.  Conclusions and Recommendations

8.1. Conclusions

From the case study bridge girders, it is obtained that the shear capacities of 75%, i.e three of
the four bridge girders, do not fulfill the requirement of LRFD shear design for resisting the
shear from HL-93 design vehicular live load. Since this study is analytical considering the
design data, the study result shows that bridge girders shall first be rated for shear and

checked in accordance with the requirements of newly recommended design standards.

The study also shows that the four bridge girders can support legal loads without any
maintenance or closing of the bridge from service due to shear capacity of bridge girders. But
since this study considers only design data the rating factor values may also be less than those
obtained in this study.

From the comparison of shear capacity of concrete, reinforcement and nominal shear capacity
evaluated using 45° Truss Model and Modified Compression Field Theory (MCFT), it is
obtained that the average concrete shear capacity, average transverse reinforcement shear
capacity and average nominal shear capacity of the four bridge girders determined using
Modified Compression Field Theory are 25.53%, 58.88% and 41.60% higher than those

obtained from 45° Truss Model respectively.
8.2. Recommendations

1. From the study, it is obtained that most of the bridge girders’ shear design is not
complementary with the newly recommended shear design standards, so it is recommended
to rate bridge girders for shear design check after bridge girder design.

2. It is important to rate bridge girders for shear continuously in some interval of time

because their capacity deteriorates from time to time.
4. In addition to shear rating, it is important to assess bridge girders for other cases.

5. The study shows that reinforced concrete shear capacity obtained from Modified
Compression Field Theory is 41.60% greater than from 45° Truss Model. So it is better to
check the reliability of shear design methods and use the more reliable one in shear design of

bridge girders and other structural elements, for instance, beams.
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