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Abstract

Reverse diagonal shear cracking at the supportgal reinforced concrete girders is a
phenomenon affecting a number of KDOT’s low-volubmelges built in the early-to-mid
1900’s. This phenomenon is not addressed in th8 APO Bridge Design Manual (2002) or
ACI specifications. This study investigates thases of this cracking and creates BRIDGE
(Bridge Rating of Inclined Damage at Girder Ends) Excel-based software to determine the
load rating of a user specified bridge exhibitiegerse diagonal shear cracking at the girder
supports. A user-interface is created which allawsser to create a grillage model of an existing
bridge and to place various rating trucks on theéda. Equivalent flexibility analysis is used to
distribute the truck live loads from within the @qEanels to the surrounding girders and
diaphragms. Stiffness matrices are utilized td fime nodal displacements then the reactions at
the girder supports caused by the truck live lcatsbridge dead load. These reactions are
checked against RISA software models to test tharacy of the stiffness matrix application.
ABAQUS FE models and Mohr’s circle stress distrnbatis used to find the driving and
clamping forces on the crack. These forces arsexhhy resolving the dead and live load
reactions and the friction force generated betwbertoncrete girder and the rusty steel bearing
pad along the shear crack orientation. These dlagrgnd driving forces are used, along with
the simplified modified compression field theorydetermine the shear capacity of each girder
at the reverse cracks. A modified version of EqueB.4.1 from the Manual for Bridge

Evaluation (2011) is used to find the operating mnventory rating factors for the bridge.
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Chapter 1 Introduction

1.1Background

The Kansas Department of TransportgiddOT) as well as several local counties in
Kansas own dozens of low traffic bridges builthe early-to-mid 1900s which have developed
abnormal reverse diagonal shear cracking at theretagirder supports, as shown in Figure 1-1.
It seems to be a major concern that these craayistroause a loss of girder bearing support.
Normally, diagonal shear cracking propagates frioenttottom of the girder at the support
toward the slab within the span of the girder,le®as in Figure 1-2. It is hypothesized that the
abnormal cracking is caused by friction betweenctivecrete girder and the rusty and locked
steel bearing pad. This friction exists becausebtraring pad has corroded, preventing the
girder from rotating on its rocker. Current bridgere built with rubber bearing pads, which do
not corrode when exposed to moisture. Howeverjwhese bridges were built, steel bearing
pads were used, which corrode when exposed to decddnoisture and deicing salt. This

corrosion turns the originally-designed pinned amtion into a partially-fixed connection.

Slatr\
.

Reverse Diagonal Shear Cracking—.
\ p g g 7/

| I—
\ Girder Web
Bearing Pad

Figure 1-1: Reverse Diagonal Shear Cracking

Slab\

 — ///’ ’ ”/ i \ . = - - /
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. A,
~Bearing Pad “Normal Shear Cracking

Figure 1-2: Normal Diagonal Shear Cracking

1.2 Objective
The reverse diagonal shear cracking phenomenaot addressed in the AASHTO

Bridge Design Manual (2002) or ACI specificationhe objective of this project is to

determine the cause of this phenomenon. KDOT efesir rationally assess the safety of these



bridges, thus, another objective is to determinacmurate method for calculating the capacity
and load rating factor for girders experiencing tpihenomenon. To this end, an Excel-based
program, BRIDGE (Bridge Rating of Inclined Damag&ader Ends), is developed which
analyzes a user-defined bridge span and deterrtheespacity and rating factor for each girder

end.

1.3Scope
This thesis is composed of six chapters. Thedmapter discusses the background and

objectives of the project while highlighting theriaus sections of the thesis. The second chapter
reviews the literature used throughout this projeciuding how to load rate a bridge, various
methods for calculating the shear capacity of arete beam, various values for the cracked
concrete-to-cracked concrete coefficient of fristiand transformation of a stress block. The
third chapter discusses the BRIDGE's user interfawkthe various input options available to

the user. The fourth chapter details the functper$ormed in the background of the program
and discusses the various approaches considedistribute the truck loads between the bridge
elements and to find the capacity of the bridgdags. The fifth chapter displays the results of
the various approaches considered for calculabiagapacity of the bridge girders as well as
comparisons between the program and RISA modulesstdhe program’s accuracy and

validity. The sixth chapter reviews the conclusiagetermined throughout this thesis.



Chapter 2 Literature Review
2.1Load Ratings

Bridge load rating is a method used to determieestife live load capacities of both new
and existing bridges. Only permanent loads (deadd) and vehicular loads (live loads &
impact loads) are considered. “Extreme event”$padch as earthquake, wind, ice, flood, truck
crashes, and fire loads are not typically considl@reen load rating a bridge and are not
considered in this study. This load rating is thead, along with engineering judgement, to
determine the need for bridge strengthening or fmzding. Load posting is the restriction of
truck loads, on a particular bridge, to a fractodrthe legal truck load limits. These legal truck
loads are discussed in the section 2.1.2.1. Wheassary, the structure should be posted at a
level which is safe and will not shorten the lifetloe structure (KDOT Bridge Manual, 2016,
Section 4.7). Any bridge which cannot carry a miaim gross live load of 6 kips must be closed
(Manual for Bridge Evaluation (MBE), 2011, Artics#.7.1). MBE (2011) Article 6 outlines
three methods to determine load rating: the LoablResistance Factor Rating (LRFR) method,
the Allowable Stress (ASD) method, and the Loaddiadt.F) method. MBE (2011) does not
distinguish a preferred method and allows bridgeenw the choice of which method to use.
The Kansas Department of Transportation (KDOT) tised. F method to load rate their bridges
(KDOT Bridge Manual, 2016, Section 4.4), thus tiisthod is used in this study. Therefore,
only the LF method is discussed further. MBE (20&4plains that the LF method analyzes the
actual loads on the structure multiplied by loactdes A1 & Az, defined in Equation 2-2).
Different factors are applied to the dead and llbazls based on uncertainty in the load
calculations (dead loads are typically calculatéth wiore accuracy than live loads, thus the
dead load multiplication factor is smaller than like load multiplication factors). These
factored loads are used in Equation 2-2 to detezriiia rating of the bridge to ensure that the
strength of the various bridge members is not edeee The bridges under investigation display
unusual reverse diagonal shear cracking at theostgyphus this work focuses on the shear
strength capacity at the girder ends.

Two rating levels are required for the LF methaainely: inventory rating and operating
rating. The inventory rating describes the loadcWia bridge can sustain for an indefinite
period of time. This rating can be compared todésign load level but also incorporates the

deterioration of the bridge. The operating ratiegcribes the absolute maximum live load to



which the bridge may be subjected (MBE, 2011).qkesnt loads at the operating level will
cause deterioration to the bridge. Each memb#veobridge is rated and the lowest is the
governing load rating for that bridge. The bridgedting, as defined by MBE (2011) Equation
6B.4.1-2, is the rating factoRF) multiplied by therating vehicle (Equation 2-1):

Load Rating = RF X Rating Vehicle Weight Equation 2-1

The rating vehicle weight is the maximum legal Iéada particular type of vehicle.
According to the KDOT Bridge Design Manual (201&ansas State Statute allows for a gross
vehicle weight of 80,000 Ibs. on the Interstate &@O00 Ibs. on other highways without a
special permit. The program provides the user Watlstandard trucks (discussed in section
2.1.2) with which to load rate the bridge. Eadcmnsfard truck produces a different live load
effect on the bridge, thus the bridge will havaféedent rating factor and rating for each truck.
Any truck which causes a smaller rating than tigallédmit will be used for posting (KDOT
Design Manual, 2016, Section 15.3). MBE (2011) HquatB.4.1-1 defines the rating factor by
Equation 2-2:

Capacity — A;DL

RF = ALALTD Equation 2-2

Where:
Capacity = Capacity of girder
DL = Dead load reaction at support of girder
LL = Live load reaction at support of girder
I = Impact factor of live load
Ax = Factor for dead loads

= 1.3
Az = Factor for live loads

= 1.3 for operating rating level

= 2.17 for inventory rating level



When load rating a bridge, the girders are uswiumed to be either a fixed or a pinned
support. However, with integral abutments, itamgtimes advisable to analyze the girders as
partially fixed (KDOT Design Manual, 2016, Sectibb.5)

2.1.1Dead Load

The dead load of the bridge is determined basdti@existing conditions, geometry, and
material properties at the time of analysis (MB&12, Article 6B.6). The overlay thickness,
which is typically measured at the time of inspattishould also be considered in the dead load
of the bridge.

2.1.2Live Load

Truck loads, axle configurations, and truck placetier load rating bridges are
discussed in this section. A discussion of livedeeductions and when these reductions are
applicable is also included.

2.1.2.1Truck Types

MBE (2011) Article 6B.6.2 states that the extreme load used in Equation 2-2 is
governed by AASHTO Standard Specifications (AASHP002). MBE (2011) Article 6B.7.2
states that eight standard trucks (Type 3, Type 3®2e 3-3, SU4, SU5, SU6, SU7, and
Notional Rating Load (or NRL) should be analyzedbtad rate a bridge in addition to any truck
configurations specified by the bridge owners. AR® (2002) Article 3.7.5 specifies two
classes of loading; H and HS loading. H loadingaissed by a 2-axle truck and is designated
with an ‘H’ followed by the gross tonnage of thedk. HS loading is caused by a tractor truck
towing a semitrailer and is designated with an ‘ftflowed by the gross tonnage of the tractor
truck only. In addition to the H & HS trucks spiesil by AASHTO (2002) and the eight
additional trucks specified by MBE (2011), KDOTethridge owner, states that any legal truck
configuration which causes a higher stress ondgbrshould be used for rating (KDOT Design
Manual, 2016, Section 15.3). There are eight stathttucks rated by KDOT, most of which are
already specified by AASHTO (2002) or MBE (2011. addition, the KDOT Design Manual
(2016) specifies that the T130, T170, and Heavyifiigant Transport (HET) trucks are used to
load rate bridges. In total, 13 standard trucksl@ad rated in this program. Appendix A



displays these vehicles, their axle spacing, andiwén table form. On the Kansas highway
system, the maximum load allowed on one axle iki@6 for a single axle and 34 kips for a dual
axle with a maximum total truck weight of 85.5 kipSome of the truck axle loads in Appendix

A exceed the maximum allowable load, thus, whesdhgicks are posted these axles are posted
at the legal limit while the other axles on theckare posted for proportionately reduced loads
(KDOT Design Manual, 2016, Section 15.3).

2.1.2.2Truck Placement

AASHTO (2002) should be followed when determinihg humber of loaded lanes and
the placement of wheel lines (MBE, 2011, Article.6R2.2). MBE (2011) Article C6B.6.2.2
recommends that in certain circumstances it isssang to consider multiple trucks in the same
lane. It recommends that a minimum of 30 ft. ckgzace be used between trucks in the same
lane when the loading per truck is less than 18.torhe truck loads are to be placed in such a
way within their respective load lanes so as talpoe the maximum stress in the member being
analyzed (AASHTO, 2002, Articles 3.6.4 & 3.11.As shown in Figure 2-1, the standard
truck’s axles are spaced 6 ft. apart and the toeckipies a 10 ft. wide load lane (AASHTO,
2002, Article 3.6.1). This means that the truck accupy the space 2 ft. to either side of the

wheel loads.

10"-0"
Truck Cab
=—\Whee|s— N
= Curh
—l 20" L&'—U"—J 20—

Figure 2-1: Clearance and Load Lane Width



2.1.2.3Live Load Reduction
A reduction in live load if multiple lanes are l@tisimultaneously is allowed due to the

improbability of coincident maximum loading in mple lanes (AASHTO, 2002, Article
3.12.1). These live load reduction factors aredesd inTable 2-1

Table 2-1: Multiple Presence Factor (Adapted froAGMTO, 2002, Article 3.12.1)

Number of Loaded Lanes Multiple Presence Factor

lor?2 1
3 0.9
4 or more 0.75

2.1.3Impact Factor

MBE (2011) specifies that AASHTO (2002) Equatioth Be used for the impact factor in
Equation 2-2. This factor is shown in Equation.2¥®e impact factor accounts for the dynamic
effects caused by a truck, such as the bounce,, amdymomentum of the vehicle. Dynamic
effects also include the response of wheels impggavement surface discontinuities, such as
joints, cracks, and potholes.is limited to the smallest of either the truckdémor bridge length

because this gives a higher impact load coeffichtch is conservative.

50
125 + L

< 0.3 Equation 2-3

Where:
Length of loaded part of bridge (ft.)

Truck Length
Bridge Length

—
I

= min {

2.1.4Capacity
Field investigations are the basis of the ratingroblder bridge for its load-carrying
capacity. Any feature of a bridge which affectsaapacity should be carefully evaluated and

any damage, deterioration, and loss of cross-sedtarea should be noted (MBE, 2011, Article



6.1.2). MBE (2011) also specifies that certainges are subject to unique geometry, loadings,
and deterioration. The load rating proceduretiese bridges should be augmented where
needed to suit the unique characteristics of tibgbr The BRIDGE program developed in the
present study is tailored to analyze bridges whighexperiencing unusual reverse diagonal
shear cracking at the supports. These diagoneksizegin at the bottom edge of the girder
close to the support and propagate toward the etice@irder. Normally, shear cracks
propagate diagonally toward the center of the girddne capacity of these girders at the
supports is governed by the shear capacity of itlieigat these cracks. It is believed that this
capacity is a function of two parameters: the niatshear strength of the girder and the friction
force between the two faces of the crack causedamgping forces on either side of the crack.

2.1.4.1Material Capacity

Figure 2-2 is a photo from an Inspection Repoafsas Bridge No. 54-104-317.27
taken in 2011. In the photo, the claw of a hamim&redged into a shear crack at a girder
support. This shows that, at the crack interfpegts of the girder have spalled off, indicating
that not all of the width of the girder is providishear resistance.

Figure 2-2: Crack Width at Girder C, Left Side, Pieof Bridge No. 54-104-317.27 (Reprinted
from Special Bridge Inspection Report, 2011)



MBE (2011) Article 6B.5.3 states that capacity a@tions should account for
observable effects of deterioration in the girdéilevArticle C6.1.2 explicitly states that the
member cross section used to determine the capadiig gross cross section less the
deteriorated section of the member To accounth®ikind of deterioration shown in Figure
2-2, the program allows the user to decrease tthwif girder used in the material shear
capacity calculations by a certain percentage tedhenated during inspection.

The ultimate shear strengthy,\6f the section is described by AASHTO (2002) Eouma

8-46, rewritten here as Equation 2-4:

Vu =W Equation 2-4
Where:
Vu = Ultimate shear strength of the beam (Ibs.)
Vn = Nominal shear strength of the beam (Ibs.)
() = Shear strength reduction factor

= 0.85 for reinforced concrete (AASHTO, 2002, 18et8.16.1.2.2)

The nominal shear capaciys, is given by Equation 2-5 (AASHTO, 2002, Equat&n

a7):
Vh = Ve + Vg Equation 2-5
Where:
Ve = Shear capacity provided by concrete (Ibs.)
Vs = Steel shear strength (ksi)
A number of shear capacity models are discusséieiubelow.
2.14.1.1 AASHTO

AASHTO (2002) Article 8.16.6.2.1 specifies that fd¥ design the shear capacity of

beams subjected to shear and flexure be computedh®r Equation 2-6 or Equation 2-7



(equations 8-48 or 8-49) When a more detailedutation is used to find the shear capacity, the

shear capacity should not exceed Equation 2-8.

V, = (1.9Jf‘g +2,500p,, ‘lcl‘d) by,d Equation 2-6
u
V, = 2,/fib,d Equation 2-7
V, = 3.5,/f!b,,d Equation 2-8
Where
fe = Concrete compressive strength (psi)
bw = Width of beam web (in.)
d = Depth of tensile reinforcement (in.) = 0.9h
h = Height of girder (through slab) (in.)
Vu = Factored shear force at section under congidarébs.)
Mu = Factored moment at section under consideréitoo+in.)
Pw = Reinforcement ratio equal to flexural areatebsnormalized by
by and d

Article 8.16.6.4 states that in cases where ipapriate to consider shear transfer
across a given plane, such as at an existing enpat crack, that shear-friction theory and
equations be used to determine the capacity ohmbd hese theories and equations are the
same as those specified by American Concrete utesstBuilding Code Requirements for

Structural Concrete (ACI 318-14) and are discusselde following section.

2.1.4.1.2 ACI Equations

ACI 318-14 Section 22.9 is applicable when shemrdfer across an existing or potential
crack is considered and is appropriate when anajythie interactions at a crack interface in
monolithic concrete. This section uses the sheetieh concept to derive shear capacity
equations. This concept assumes that a crackomil and that reinforcement is provided across
the crack to resist relative displacements at thekcinterface (ACI 318-14 Section R22.9.1.1).

When shear is present at a crack one side of gk enterface will slip relative to the other.

10



This relative displacement (n Figure 2-3) causes a separation of the craekfaces, which
causes tensile stress, in the reinforcement crossing the crack. Thisile force transfers to
the surrounding concrete causing a compressivepitenstressee, at the crack interface. The
clamping force causes friction between the cratdriaces as protruding aggregates on either
side of the crack, along with dowel action of teaforcement, resist shear stressFigure 2-3

helps explain the force transfer assumed in tharstietion concept.

Figure 2-3: Shear-Friction Response at Crack laterf

ACI 318-14 Equation 22.9.4.3, shown below as Egua®-9, provides a conservative
estimate of the shear-transfer strength when thardbrce produces tension in the
reinforcement. If the shear force produces congooesn the reinforcement, shear friction does
not apply and/» is 0. The coefficient of frictionyc, is found in ACI 318-14 Table 22.9.4.2 and
is discussed in sectidh2.2.

Vi = Aufy(uc sina + cos o) Equation 2-9
Where
Ay = Area of shear-friction reinforcement @n.
fy = yield strength of reinforcement (kips)
e = Coefficient of friction between crack interface
a = Angle between shear-friction reinforcement ahdar plane

11



ACI 318-14 Table 22.9.4.4 specifies the use of Equa2-10 as upper limits of Equation

2-9 for the nominal cracked shear capacity.

. (0.2f!A, .
V, = min {O.8Acr Equation 2-10
Where:
Acr = Area of concrete resisting shear transfef)(in.

ACI 318-14 Table 14.5.5.1 provides Equation 2-11hasshear capacity of an un-
cracked, plain concrete section subject to onestaar. Section R14.5.5.1 explains that shear
failure in plain concrete will occur as a diagotaision failure when the principal tensile stress

near the centroidal axis becomes equal to thel¢éestsength of concrete.

4 :
Vc,uncracked = §\/f_c,bwh Equation 2-11
Where:
Vcuncracked = Nominal concrete shear strength of plain, urcieed section (Ib.)

In addition to these shear strength equations, 34814 also suggests using Equation
2-7 (ACI 318-14 Equation 22.5.5.1) to find the caate shear capacity,cVof non-prestressed

beams without axial force.

2.1.4.1.3 Simplified Modified Compression Field Theory

The Simplified Modified Compression Field TheorfMSFT) was developed by Bentz
et al. (2006) as an abbreviated and simpler-toemint form of the Modified Compression
Field Theory (MCFT). The MCFT is a model for rélig finding the shear capacity of
reinforced concrete sections and was proposecin380’s. Before the MCFT, shear capacity
calculations in various codes, including ACI codesre extremely inconsistent and inaccurate.
The ACI code found the shear strength as the laading diagonal shear cracking at a 45° angle

plus the axial load effect (subtracted capacityémber was in axial-tension and added strength

12



if member was in axial-compression). Bentz e{2006) explains that, on average, the ACI
calculated capacity was 40% more conservative ¢ixgerimental shear capacities and the
coefficient of variation (COV) was 46.7%.

The MCFT was introduced to create a more effeatie¢thod for calculating the shear
capacity of a section. Bentz et al. (2006) anduéeil (2015) explain the assumptions made by
Vecchio and Collins (1982) to derive the MCFT. sgithe MCFT calculates the diagonal crack
angle based on strain conditions present in thigogeinstead of assuming an angle of 45° (with
respect to the bottom of the beam). It also actsofam the fact that tensile stresses exist in the
concrete between the cracks and uses the averagsest and strains over large areas (covering
multiple cracks) in the beam. Also assumed is¢lagh strain state corresponds to one stress
state, that the longitudinal and transverse ssegistributed uniformly across the element, and
that there is a perfect bond between the steetandrete. The shear capacity calculated by the
MCFT is, on average, just 1% greater than the éxygertal shear failures and has a COV of
only 12.2%. Clearly the MCFT is a much more acmupaedictor of shear capacity than
previous methods. Unfortunately, this model isheatatically very complex, requiring the 15
equations shown in Bentz et al. (2006) to be soitgrdtively through computer modeling.

Bentz et al. (2006) simplified the MCFT in order éngineers to better understand the
calculations so ‘back of the napkin’ calculatiomsiic be made.

The SMCFT assumes that the direction of principahgressive stress remains constant,
as an average, over the effective shear deptland that shear stresses are uniformly distributed
over the width of the web ar. It also assumes that by considering the biastraks
conditions at one location in the section web tieas strength of the section is calculated
(AASHTO LRFD Bridge Design Specifications, 2014tiéle C5.8.3.4.2). According to Bentz
et al. (2006), this method predicts shear capaoitidy 11% larger than experimental shear
capacities and has a COV of 13%, which is reasgratdurate. AASHTO (2014) incorporates
the SMCFT into their procedure to find the nomisla¢éar capacity of a section and is described
with the following equations (Equations 5.8.3.3fough 5.8.3.4.2-5 of AASHTO, 2014):

V, = B/flbyd, Equation 2-12
_ Ayfydy(cot® + cota) sina

S s

Equation 2-13

13



]

4.8

(1 + 750¢,)

4.8

contains > min. shear reinf.
Equation 2-14

\(T+ 7502, (39 + 50)

Where:

bv

dv

Sxe

Sx

ag

51
contains < min. shear reinf.
0 = 29 4+ 3500¢, Equation 2-15
M
—+ 05N+ V] .
S " Equation 2-16
° ASES
SR L Equation 2-17
Sxe = Sx ag + 0.63 quation 2-

Factor indicating ability of diagonally crackedncrete to transmit
tension and shear

Effective web width (in.)

minimum web width within the depthk

Effective shear depth, measured perpendicaltre neutral axis
between the tensile resultant and compressaxeirfe forces. Is
the greater of that depth defined hered@fd 0.73 (in.)
spacing of transverse steel (in.)

Area of shear reinforcement within a distasn¢.?)

Angle of transverse reinforcement to longitadiaxis (degrees)
Angle of inclination of diagonal compressiveesses (degrees)
Strain in longitudinal steel

Axial force. Positive if tensile, negativecibmpressive (kips)
Absolute value of moment (kips)

Area of longitudinal steel on flexural tensgide of member (in)
Crack spacing parameter

Lesser ofly and the maximum distance between layers of
longitudinal crack control reinforcement (in.)

Maximum aggregate size (in.)
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First, a shear strengtWiy, is assumed and Equation 2-16 is used to detertinénsteel
strain,es. Equation 2-17 is then used to fisild. Thissxe andes are used in Equation 2-14nd
Equation 2-150 determine {3 and 6 respectivelyf and6 are used in Equation 2-12 and
Equation 2-13 to fin&/c andVs respectively. Equation 2-5 is then used to fime@Vs. The
process is then repeated until convergend ofThe shear at this convergence is the final shear

capacity of the section

2.1.4.1.4 Muttoni & Ruiz Equation

Muttoni & Ruiz (2008) note that empirical or senmygirical expressions have mainly
been used to analyze the shear strength in a b&8aeMMCFT has been successfully used to
evaluate the shear strength of a beam without skedorcement. However, using these kinds
of methods are complicated as they often involvaemlex computer modeling and there is still
no generally accepted method of finding the sheangth of a member without shear
reinforcing. Muttoni & Ruiz (2008) developed a gigal model which accurately describes the
shear strength of 285 beams. They theorize tlearsh initially resisted by three separate
components: cantilever action, aggregate interlaokl, dowel action from the flexural
reinforcement traversing a crack. As a criticaahcrack forms a fourth shear resisting effect,
arching action, develops because of the effecéggfegate interlock. As this arching action
becomes stronger, the effects of cantilever a@mhdowel action reduce and are eventually
eliminated. The aggregate interlock and archirigpa@re functions of the estimated crack
width in the critical shear region, the roughnefsthe crack, and the compressive strength of the
concrete. Tests by Muttoni and Thurlimann (198&vged elbow-shaped struts forming in
unreinforced beams loaded in shear, which wereistemsg with the arching action predicted by
Muttoni & Ruiz (2008). Equation 2-18 describesitimeodel. The equation assumes an elastic
modulus of concrete of. = 276f1/3 (ksi). This is similar to ACI 318-14 Equation 122.b

which describes the elastic modulus of concreteéwmal weight concret&7f1/2 (ksi).

15



- 1+120 ed Equation 2-18
mn d
3 td
Where:
Vu = Shear capacity of girder (Ibs.)
dg = Aggregate diameter (in.)
€ = Strain in the control depth

Muttoni & Ruiz (2008) further simplified this equan by assuming that the depth of the
compression zone, is equal td.35d, that the reinforcement strai, is proportional to the
bending momenined, and by estimating the flexural strength of tharbhemrd. Safety factors
for concrete &¢) and steelds) were also introduced as 0.67 and 0.9 respecti28ly00 ksi was
used as the modulus of elasticity of sté®),(70 ksi was used as the yielding stress of ¢fgel
and 5/4 in. was assumed as the aggregate dianWfidr.these assumptions and values,

Equation 2-19 is calculated, which has been adaptedhe Swiss Code for structural concrete.

2.3b,,d,/f!

" 1 +0.056d Ded
MRgq

Equation 2-19

Where:
MEd = Bending moment in girder (Ib.-in.)
MRd = Flexural strength in girder (Ib.-in.)

2.2 Friction Coefficients

2.2.1Steel —to — Concrete

Steel bearing pads were used to build the bridgal/zed by the present study. Rubber
was not yet used as a material for bearing pads Wiese bridges were built in the 1920’s to
40’s. As seen in Figure 2-4 from the Inspectiopd&tefor Kansas Bridge No. 54-104-317.27
(2011), steel rockers can get heavily corrodeditilgp the ability of the rockers to rotate. This
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prevents the girders from rotating at the suppadsjesigned. The girder locks on the plate and
a friction force at the girder-steel boundary isguced. It is necessary to have a coefficient of

friction for this interface to estimate the friatiforces at the girder supports.

Figure 2-4: Support Rockers at Pier 4, Left Sigers5 of Bridge No. 54-104-317.27 (Reprinted
from Special Bridge Inspection Report, 2011)

Rabbat & Russell (1985) conducted tests to detegrfia static coefficient of friction
between concrete and steel for both dry and wetfate conditions. It is assumed that the
superstructure of the bridges shelter the girdaribg pad interface from most rain water, so dry
interface conditions are assumed in this studybb@b& Russell (2008) tested a set of concrete
specimens, with dry interfaces, at a normal stoé€® psi. From these tests, a static coefficient
of friction of 0.57 is recommended for normal coegsive stresses between 20 and 100 psi.

This value was implemented in the current study.
2.2.2Cracked Concrete — to — Cracked Concrete

Several methods were investigated as possible e®twdind the coefficient of friction

of cracked concrete-to-cracked concrete.
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2.2.2.1ACI

ACI 318-14 Table 22.9.4.2 recommends a coefficodrtiction, pc, of 1.4\ for concrete
placed monolithically. For normal weight concrgtis 1 and for lightweight concreles 0.75.
As stated in section 2.1.4.1.2, ACI 318-14 SecB2r® assumes the shear-friction concept is
used to determine the shear capacity of the bdarthis concept, it is assumed that shear
reinforcement crosses the crack and friction betvibe crack faces produces all of the shear
resistance. Therefore, ACI 318-14 recommendsaaiify high values of the coefficient of
friction so the calculated shear strengths willeggwith test results (ACI 318-14 Section
R22.9.4.2). AASHTO (2002) Article 8.16.6.4, whiatitlines the shear-friction process, reflects
the values ofi. referenced in ACI 318-14.

2.2.2.2PCA

Portland Cement Association’s (PCA) Concrete Magstandbook (2008) Appendix A
recommends using a coefficient of friction, between cast-in-place concrete to cast-in-place
concrete of 0.4 when designing a building usingceete@ masonry. This value is based on a
safety factor of 2, thus the actyalis 0.8 between cast-in-place-concrete — to — captace-

concrete.

2.2.2.3Loov

Loov (1998) uses shear friction to formulate equagito model the shear capacity of
reinforced concrete beams. Clause 11.1.3 in the £28.3-94 code (Canadian Standards
Association, 1994) provides that shear friction taesused to design “interfaces between
elements such as webs and flanges, between diasimaiterials, and between concretes cast at
different times or at existing or potential majoacks along which slip can occur”. Loov (1998)
postulates that beams have “innumerable location®pbtential major cracks along which slip
can occur’”, thus shear friction can be used fedpsting the shear capacity of beams. Equation
2-20, first proposed by Loov (1978), is used ashdiss for shear friction equations derived by
Loov (1998). This equation, withkaof 0.6, was compared to push-off tests conducyed b
Kumaraguru (1992) and the results are shown in L(@898). Equation 2-20, with a k of 0.6, is
consistent with these push-off tests. As explaimgtloov (1998), & of 0.6 is conservative for

un-cracked sections but is un-conservative forkgdsections. Loov (1998) asserts thhtcd
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0.6 is appropriate for beams because the beantikeily be cracked along part of a shear plane
but will remain un-cracked along the rest of theatplane, particularly that portion in the

compression zone.

0.25f, for f; < 4 ksi .
— I <L -
v =k,/of{ < {7 for £/ > 4 ksi Equation 2-20
To which:
R .
o=— Equation 2-21
A
S .
vV=— Equation 2-22
A
S .
e =10 Equation 2-23
Where:
o = Average normal stress on shear failure plane
= Average shear stress on shear failure plane
= Factor for relating shear strength and norrivahgth
= Determined from experiments
R = Normal force acting on shear failure planagufe 2-5
S = Shear force acting on shear failure plane drfei@-5
A = Area of cracked surface
= (bwh)/sin® — Figure 2-5
Where:
0 = Angle of crack with respect to horizontal
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Figure 2-5: Free Body Diagram of Forces Acting eddR Interface

Equation 2-21, Equation 2-22, and Equation 2-23sabstituted into Equation 2-20 to
yield Equation 2-24 for the coefficient of frictipp., between the cracked surfaces of the

concrete beam:

ne =k |[— Equation 2-24

Loov (1998) continues to derive shear-friction dopres to find the shear strength of
concrete beams. The ACI shear capacity equatics™sbed earlier, are based on shear-friction
models. Because shear-friction is already consitlas a method to find the shear capacity of a

beam, the shear strength equations derived by [10288) will not be discussed further.

2.2.2.4Tassios and Vintzeleou

Tassios & Vintzeleou (1987) analyzed and presethtedesults of tests to study the
behavior of rough interfaces of plain concrete sabjo imposed shear displacements. Shear is
transferred across a crack through concrete aggra@garlock when there is a normal
compressive stress at the crack interface. Thigpcessive stress is caused by either external
forces or from reinforcing bars crossing the crack.

Referring to Figure 2-3, when a crack is subjea swmall shear displacement, s, some
deformation and cut-off occurs in the concrete aggtes on either side of the crack. This
causes an increase in the local crack width, welvin turn produces a stress in the reinforcing

steel crossing the crack producing a force equaAtde which is the area of the reinforcing bar
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times the stress in the bar. This tensile foramjisal to a compressive force in the concrete
around the bar equal faoc, which is the area of concrete surrounding thefoecing bar times
the stress in the concrete. Therefore, Equatigh & proposed. Alternatively, an external

compressive force can cause a shear stress ioticeete at the crack interface.

0. = PO Equation 2-25
Where:
Oc = Stress in concrete in vicinity of reinforcingri{psi)
Os = Stress in reinforcing bar (psi)
p = Steel to concrete ratio

In the tests analyzed by Tassios & Vintzeleou {d98oncrete blocks with reinforcing
anchors were precracked to obtain natural cratksplacementss, were then induced in
specimens using various constant normal compressigsses (0.5, 1, and 2 MPa) and varying
concrete compressive strengths (16, 30, and 40 MP&g crack width was then recorded. Since
the anchorage of the reinforcing bars in the testisnens were known, the tensile stress in the
bar,os, was determined. Then, using Equation 2-25, ttenal stress in the concrete at the
crack,oc, was determined. From this stress and the sh&aladement, the shear stress and the
frictional response at the crack interface was ¢bun

It was found that the maximum shear stress traresfdy the crack interface increased
with increasing normal force but was not propordilaio this force. It is postulated in Tassios &
Vintzeleou (1987) that at lower normal stresseddilaere of the aggregate interlocking
mechanism occurs when the peaks of the aggregdteeament paste particles protruding from
the crack interface are ‘cut off’ by the shear éordt higher normal stresses, the aggregate
protrusions are so tightly interlocked that thestienstrength of the concrete matrix is weaker
than the shear strength of the aggregate, thusdadiccurs in the matrix. This type of failure
was observed in the test specimens subject to higivenal stresses.

From the results of these tests, Equation 2-26imtesduced to describe the maximum
friction coefficient between the crack interfacdsshould be noted that in these tests, the Initia
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crack width was less than 0.1 mm, so no free sltheacrack interface was recorded. Thus, this

eqguation is not applicable to cases of largerahdrack widths.

o.\"2/3 .
ue = 0.44 <F> Equation 2-26
c

The compressive stress in the concrete is equbketoormal force at the crack divided by
the area of the concrete interface= R/A. Substituting this into Equation 2-26 yields Etjpm@
2-27, which is very similar to Equation 2-24 dedvgy Loov (1998).

-2/3

e = 0.44 (ﬁ) Equation 2-27
C

2.3 Transformation of Stress
The stresses on a finite cube of an element, caohten, are described by the 6 stress
components in Figure 2-@yx, oy, ando; represent the normal stresses on the faces otitiee ¢
while txy, Tyz, andtzx represent the shear stress on the element f&¢ben two of the faces of
the cubic element do not experience any stressas the case on the surface of a structural
element that is not subject to external forcesyéneaining stresses are called plane stresses. |If
the faces perpendicular to the z-axis in Figurea2esfree of stress, the resulting plane stresses

are displayed in Figure 2-7.

Figure 2-6: General State of Stress at a Point
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Figure 2-7: Plane Stresses

2.3.1Transformation of Stress Block
If Figure 2-7 is rotated about its z-axis by anlan@, the stresses at the faces of the cube
change twy, oy, andtyy, as shown in Figure 2-8. Beer et al. (2012) $ecti.2 derives

Equation 2-28, Equation 2-29, and Equation 2-3Qctviiefine these transformed stresses.
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Figure 2-8: Transformed Plane Stresses
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0 = = +——— 0520 + Ty 5in 26 Equation 2-28
Oy, = Ox ;— O ; Oy €0s 26 — Ty, sin 20 Equation 2-29
Ox — Oy | .
Tyryr = — > sin 20 + T4y cos 26 Equation 2-30
Where:
Ox = Normal stress normal to x-axis (psi)
oy = Normal stress normal to y-axis (psi)
Txy = Shear stress perp. to z-axis & parallel toegithz or y- axis (psi)
0 = Angle of Transformation (°)
ox = Normal stress normal to-axis (psi)
oy = Normal stress normal to-gixis (psi)
Txy = Shear stress perp. teaxis & parallel to either x or y- axis (psi)

2.3.2Formulation of Mohr’s Circle

Mohr’s Circle of plane stress was introduced byr@r engineer Otto Mohr and is
displayed in Figure 2-9. As Beer et al. (2012)laxs, Mohr’s Circle is derived from Equation
2-28 and Equation 2-30, which are the parametnimegns of a circle. For any given value of
0, the point of abscissay, and ordinatetyy, defines a point, F, which lies on a circle disglady
in Figure 2-9. Whefiox+oy)/2 is subtracted from each side of Equation 2-28, satbs of
Equation 2-28 and Equation 2-30 are squared, iaatlyf Equation 2-28 and Equation 2-30 are
added together, Equation 2-31 is formed.
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Figure 2-9: Mohr’s Circle of Plane Stresses

— 2

oy + 0y\? O0y— 0 _
(0){! -— 2 y) + T)Z(Iy, = ( X > Y) + T)Z(y Equat|on 2-31

Finally, substituting Equation 2-32 and EquatieB3into Equation 2-31 yields Equation
2-34, which is the equation of a circle with radiRsand center, poir@t. Figure 2-9 shows that

C is at abscissaave and ordinate 0.

Cave = —— Y Equation 2-32
Ox—0y\ 2 ; _
R = \/(Ty) +12, Equation 2-33
(er - Gave)z + T)Z(Iyl = RZ Equation 2-34
Where:
Cave = Stress at center of Mohr’s Circle (psi)
R = Radius of Mohr’s circle (psi)

2.3.3Principal Stresses & Maximum Shearing Stress
PointsA & B of Figure 2-9 represent the minimuayax, and maximumemin, value of

the normal stressy, respectively. As seen from Figure 2e9y equals O at these points.
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Substitutingtxy = 0 into Equation 2-30 and rearranging yields Hgua2-35 which finds the
angle,0p, of the principal planes of stress at pdt The maximum & minimum normal
stressesgmax & omin, are called the principal stresses at pQiaind act normal to the principal
planes of stress. Equation 2-35 defines two vabfi®g which are 90° apart. As shown in
Figure 2-10 one value is the angle from the x-&xithe x’-axis, which is perpendicular to
maximum principal plane. The other value is thglafrom the x-axis to the y’-axis, which is

perpendicular to the minimum principal plane. Near stresses are present on the principal

planes.
tan~! [ 2Ty ] .
Ox — Oy Equation 2-35
ep max,min = 2
Where:
Op max,min = Transformed angles to the principal planes r&fsst (°)
, 4
I\ |
i - O
Omin ! \ .
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\\ -'-: =T \\. b + X
;’\ \ Q \\\
- T
Omax \\ i
e \-‘
Omin

Figure 2-10: Principal Stresses

From Figure 2-9 it is seen th@haxmin = cave = R. Thus, substituting Equation 2-32 &
Equation 2-33 yields Equation 2-36 which definestaximum and minimum stresses. Itis
necessary to substitute thgvalues from Equation 2-35 into Equation 2-28 ttedaine which

Bp corresponds to which principal stress.
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oy +o Oy — O.n 2 .
Omax,min = . 4 T \/( = > y) + ‘|:xy2 Equat'on 2-36

2

Where:

Gmax,min = Maximum and minimum principle stresses (psi)

PointsD andE from Figure 2-9 correspond to the points of maximahearing stress,
Tmax. 1he abscissa of these pointsig. Substitutingrave from Equation 2-32 asx in
Equation 2-28 and rearranging yields Equation 2vBich defines two angles;, which are 90°
apart. As shown in Figure 2-11, either of thésealues correspond to the orientation of the
cubic element which yields the maximum shearingsstiat poin@. The angle$s are 45° less

than their correspondingy values.

2Ty Equation 2-37
0 =
2
Where:
0s = Transformed angles to the planes of maximueashtress (°)
e ;
. 4y
AR
| B,
I / \
/0 =Tmax

Figure 2-11: Maximum Shearing Stress
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The planes of maximum shear stress, defined bgrgeess and displayed in Figure
2-11, are subject to the same shear stitess, As shown in Figure 2-Gmax is equal to the
radius of Mohr’s CircleR. Thus Equation 2-33 also yields the maximum sk&ass, which is

redefined as Equation 2-38.

2

Oy — O .
Tmax = \/( z > y) + 13, Equation 2-38

2.4 Effective Flange Width

AASHTO (2014) Article C4.6.2.6.1 defines the effeetflange width as the “Width of
the deck over which the assumed uniformly distelubngitudinal stresses result approximately
in the same deck force and member moments calduiatas elementary beam theory assuming
plane sections remain plane, as are produced hyoilreiniform stress distribution.” AASHTO
(2002) Article 8.10 specifies that the total effeetflange width for a T-Girder should not
exceed one-quarter of the span length of the g&déat the effective flange width overhang on
each side of the web should not be more thanmigdithe thickness of the slab or half the clear
distance to the adjacent girder web. The effeciiverhanging flange width for exterior girders
with a slab only on one side of the web shouldheelésser of 1/12 of the span length, 6 times

the thickness of the slab, or half the clear distaio the adjacent girder web

2.5Previous Studies

Al-Mahaidi et al. (2000) compared calculated lo&tributions and shear strengths to the
measured load distribution and shear strengthaijepl by Baranduda Bridge, which is a T-
Girder bridge built around 1916 in Victoria, Ausisaand was load tested to failure. The 4
girder-continuous 3-span bridges consisted of girdeéth 280 mm wide flanges, an overall
depth (through slab) height of 610 mm, and a dlatkbess of 150 mm. The concrete had a
compressive strength of 27 MPa and a Young’'s Maafiel GPa. The flexural reinforcement
consisted of 6 28.6 mm diameter bars in positivedbey with 3 28.6 mm bars over the supports.
The girders had 3 sets of 6.4 mm diameter stirrapging from 400-500 mm apart. The steel
had a Young’s Modulus of 195 GPa. Al-Mahaidi et(aD00) predicted the girder displacement
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using both grillage analysis and a finite elemaralgsis. The resulting displacement from these
two methods were extremely close to each othemaard slightly more conservative than the
actual displacements of the girders displayed dute test, indicating that a grillage analysis
adequately distributes point loads to the surraugpdnembers. Al-Mahaidi et al. (2000) then
calculated the shear force in the beam using th&Mé&hd a non-linear finite element model
analysis (NLFEM). These two methods yielded sks&@ngths which were lower than the
measured shear strength, but which were relatslelse to the measured shear strength and to
each other. This shows that the MCFT calculatasamable shear strength for concrete girder
T-beams.

Commander and Shultz (1997) load-tested 6 reiatbioncrete lllinois Bulletin Slab
(IBS) bridges in Kansas by slowly moving a truckhmiknown weight and axle spacing over the
bridge and constantly recording the strain at ¢ipeaind bottom of the deck slab and curbs. These
bridges are typically continuous for three or mgpans and the spans do not exceed 45 ft. It was
found that the stiffness of the bridge was nedréydame at both positive and negative moment
regions, that cracks had little effect on the flexar load transfer in the bridge, and that the pie
column bases acted as fixed supports. Commande8lamitz (1997) then load rated the bridges
for both inventory and operating levels using baitbwable stress and load factor designs. It
was assumed that the live load distributed sinyilarlthe dead load, however, the authors
guestioned this assumption based on the resutiendydatings. In every case, the load rating at
negative moment regions controlled because thelleadd dead load moments at these locations
nearly equaled the inventory capacities.

Azizinamini et al. (1994a, 1994b) performed amnudtte load test on a five-span concrete
slab bridge built in 1938 which was 8 m. wide, awthaximum span length of 11.4 m. and a
maximum slab thickness of 43 cm. According to AASHprovisions of the time, the bridge
had a load rating of 0.671, so the bridge was deassioned. Azizinamini et al. (1994a, 1994b)
found that, at ultimate failure, the bridge wasieglently loaded with 7 AASHTO HS20 trucks,
or 10.4 times the inventory rating calculated usNdgSHTO provisions. To determine a more
accurate method for determining the load ratinthefbridge, Azizinamini et al. (2004)
developed a rating method which is based on detemmihe probability of failure of the bridge
using the load effect on the bridge and the restgt@f the bridge. Based on their method,
Azizinamini et al. (2004) rated the same bridge fuhd that trucks weighing up to 50 tons
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could safely cross the bridge, which was much nagrairate than the rating calculated using the
AASHTO provisions.

Ranasinghe and Gottshall (2002) developed a methlméd rate compression members
which are specifically tailored for deck-filled &es composed of non-slender, rectangular,
reinforced concrete members in uni-axial bendingictvare sometimes used in bridge
construction. In this method, analysis softwanesed to measure the applied loads and
moments on a compression member. Then, the deckeguations can be used in a spreadsheet
application, such as Excel, in order to find thedw@ating of the compression member. This
method was tested on the Bulkeley Arch Bridge imttded, Connecticut and compared to an
interaction diagram created from an exact solutibhe method created by Ranasinghe and
Gottshall (2002) is agrees very well with this natgion diagram. This proposed method can be
manipulated for compression members experienciaxial bending, members which are

slender, and deteriorated members.

2.6 Poisson’s Ratio

When a stress is applied on a material in one tiinethe material typically deforms in
the other two orthogonal directions as well. Tde$ormation is described by the Poisson’s ratio
of the material. When an axial load is applied toaterial, the Poisson’s ratig,is described
by Equation 2-39.

y = _ Lateral Strain Equation 2-39
Axial Strain

Where:

v = Poisson’s ratio

AASHTO (2002) Article 8.7.3 defines Poisson’s rada®0.2 for reinforced concrete.

30



Chapter 3 BRIDGE Input/Output Interface

An excel-based program named Bridge Rating of mecliDamage at Girder Ends, or
BRIDGE, was created to allow a user to model a irappported bridge span composed of
concrete girders, diaphragms, and a deck slab.u$éethen loads the bridge with the desired
truck loading. BRIDGE uses the user-input datartalyze the bridge and loading to determine
the rating factor for each girder support.

3.1 Mesh & Alignment Sheet
The Mesh & Alignment sheet displays the Bridge Mast Lane Alignment options in
the corresponding boxes shown in Figure 3-1. Te# input data is provided in the white boxes
next to the respective parameters.

g'
\
=

Z
—
b | [}

Figure 3-1: Bridge Mesh & Alignment User Interface
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3.1.1Lane Alignment

The input parameters for the Lane Alignment sectisnseen in Figure 3-1, are:
Number of Lanes (NL)

* Lane Width (LW) (ft.)

» Cantilever Width (CW) (ft.)

» Exterior Shoulder Width (ESW) (ft.)

» Exterior Barrier Width (EBW) (in.)

* Median Shoulder Width (MSW) (ft.)

* Median Barrier Width (MBW) (in.)

* Median Placement (‘Median Between Lanes’)

The user selects the number of lanes from a drepidoenu, as shown in Figure 3-2 which
ranges from 1 to 4 (‘Lanes_1' to ‘Lanes_4’). Thad width is assumed equal for all lanes. The
cantilever width is the distance from the outsiaeef of the exterior girder to the edge of the slab
and is displayed in the graphic in Figure 3-1is issumed that the cantilever width, exterior
shoulder width, and exterior barrier width are édoaboth sides of the bridge. The median
shoulder width is assumed equal on both sideseoirthdian barrier if median barriers and
shoulders exist. When one or two lanes are selébte'Median between Lanes’ drop-down
menu is disabled and “N/A” is displayed in thiddie This is because the BRIDGE assumes that
no medians exist on bridges with only one laneidadnedian exists on a two lane bridge then it
is between the two lanes. When there are thresslthe ‘Median between Lanes’ drop-down
menu, as shown in Figure 3-3, allows the userdogthe median either between lanes ‘1 and 2’
or between lanes ‘2 and 3'. When there are 4 |8 edian between Lanes’ drop-down
menu is again disabled and ‘N/A’ is displayed asglogram assumes the median, if one is
present, is between lanes two and three. As shoWwigure 3-1, the program assumes lane #1 is
the closest lane to the bottommost girder of Figile The number of lanes increases until the

last lane is closest to the topmost girder.
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Lanes_3
Lanes_d

Figure 3-2: No. of Lanes Drop-Down Menu

Figure 3-3: ‘Median between Lanes’ Drop-Down Menu

3.1.2Bridge Mesh
The input parameters for the Bridge Mesh sectisrsegn in Figure 3-1, are:
* Number of Girders (NG)
* Length of Girders (GL) (ft.)
* Number of Interior Diaphragms

* Number of Virtual Diaphragms

The girders, as shown in the graphic of Figure Bfier to the bridge beams which run
parallel to the bridge span. The girder lengthuirip defined as the clear span between the
exterior diaphragms, or the distance from insidefto-inside face of the exterior diaphragms
(NOT the center-to-center distance between thaiextdiaphragms). The choice of using the
clear span length is for user convenience, per K&jliest. In our meetings with KDOT in
Fall 2014 and Spring 2015 it was stated that thmntyaof bridge plans call out the “clear span”
spacing of the diaphragms, thus, it is convenientusers to simply input the clear span girder
length as described in the bridge plans.

Diaphragms are the bridge beams which run perpeladito the span length and the girders.
Exterior diaphragms are those at the outside eoligi® bridge span being analyzed. BRIDGE
automatically assumes there are two exterior daagrhs; one on either side of the span. Interior
diaphragms are an optional user input. Interiapdragms are real diaphragms between the two
exterior diaphragms. The program assumes thesgontliaphragms are spaced uniformly

between the exterior diaphragms. Virtual diaphragne also an optional user input. Virtual
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diaphragms are ‘imaginary’ diaphragms within thielgpe which have a total depth equal to the
depth of the slab, thus, virtual diaphragms haveveb.

If any virtual diaphragms are incorporated, BRID@Eomatically spaces them
uniformly between the real end and interior diaghra. Their inclusion increases the number of
nodes and members used in the analysis. This nilaéesalysis more accurate, especially
when the distance between real diaphragms is ldrgerder for the program to work properly
there must be the same number of virtual diaphrdzgtseen each pair of real diaphragms. For
example, if there is 1 interior diaphragm, therestrhe an even number of virtual diaphragms. If
there are 2 interior diaphragms, the number obigirtdiaphragms must be divisible by ‘3. If
there are no interior diaphragms, there are nddimons to the number of virtual diaphragms.
The ‘Check Diaphragms’ button runs the ‘Verify_Dek¥idth’ macro which checks to make
sure that the number of virtual diaphragms is cdibfgawith the number of real diaphragms. If
the number of virtual diaphragms is incompatibleeeor message will appear, as shown in
Figure 3-4. If this message appears, the useldliselect ‘OK’ on the error message box and
adjust the number of virtual diaphragms until EquraB-1 is satisfied, then reselect the ‘Check
Diaphragms’ button. If Equation 3-1 is satisfibé tnessage box shown in Figure 3-5 appears.

The user can then select ‘OK’ and continue withBRIDGE program.

. I _g_ B T
Microzoft Excel _|._ 2

ERROR: (Number of Virtual Diaphragms) / (Murnber of Interior Diaphragms +1)
Should Equal an Integer

pT—

Figure 3-4: ‘Check Diaphragms’ Error Message

# Virtual Diaphrams = n(# Interior Diaphrams + 1) Equation 3-1

Where:
n = Any integer
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7 e i e *l%ll

# of Virtual Diaphragms is Adequate: COMNTIMUE WITH PROGRAM

L ok |

Figure 3-5: ‘Check Diaphragms’ Virtual Diaphragmephiacy Message

The total number of diaphragms and diaphragm leagtrautomatically calculated within
the program and are dependent upon the user inpaestotal number of diaphragms is two
(exterior diaphragms which are automatically asshiasepart of the bridge) plus the number of
interior and virtual diaphragms. The diaphragngtndisplayed in the program and shown in
the graphic of Figure 3-1, is the clear distandgben the interior faces of the two exterior
girders. Like the girder length, the use of clgaan length is based upon KDOT request. The
diaphragm length is defined by Equation 3-2.

MBW) 4 (2 X EBW)

DL=(NLXLW)+(2><ESW)+(2><MSW)+( = =

Equation 3-2
—(ZxCW)—(ZXGW)
12
Where:
DL = Diaphragm Length (ft.)
GW = Girder Width (in.) (Described in section 3.1

3.1.3Background Functions of the Mesh & Alignment Sheet

Outside of the user input screen view, shown iufg@-1, is a table which calculates the
actual and effective slab flange widths for eadhrior and exterior girder and diaphragm. The
actual slab width of the girders is used to cakeuthe dead load of the structure. This actual
slab width is that portion of the slab which ibtriiary to a girder and consists of the girder web
width plus half the distance to the adjacent gisdeb on either side of the web. For dead load

calculation purposes, the entire slab is accouiotenh the actual tributary widths of the girders,
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therefore the actual tributary width of the diagjme is unnecessary and is not calculated. The
effective slab width of the girders is in accordamith AASHTO (2002) Article 8.10 and

follows the guidelines outlined in section 2.4. SATO (2002) Article 8.10, however, does not
specify an effective flange width for diaphragnierefore the actual tributary width of the
diaphragms is used as the effective slab widthe tfibutary width of each diaphragm consists
of the diaphragm web width plus half the distarccéhe adjacent diaphragm webs on either side
of the web. These effective slab widths are usdtie Section Properties sheet to determine

girder and diaphragm section properties. The tabtee actual and effective slab widths are
shown in Figure 3-6:

Effective  Actual Width
Width of Slab of Slab

Interior Girder 83.75 83.75] .
Exterior Girder 60.875 60.873] m.
Interior Diaphragm 612 m.
End Diaphragm 3105 in.

Figure 3-6: Effective and Actual Slab Widths

Outside of the user screen, BRIDGE determines antsghe number of lanes which the
user specifies. Since the ‘Median between Laneg-down menu is dependent upon the ‘No.
of Lanes’ drop-down menu excel will not allow justmbers to populate the “No. of lanes”
drop-down menu. Thus, this cell, shown in Figug 8etermines the numerical number of

lanes from the available drop-down menu options.

# of Lanes:
4

Figure 3-7: Numerical Value for User Specified Nuanbf Lanes

The table in Figure 3-8 is used to facilitate thepddown menu for the ‘Median between
Lanes’ user input since it is dependent upon thectsl number of lanes. The lane number
options are printed in the first row of the tablkile the ‘Median between Lanes’ options for

each ‘No. of Lanes’ option is printed in the colwsnn
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Facilitates Drop-Down Memus

Lanes 1 Lanes 2 Lanes 3 Lanes 4
N/A N/A 1 and 2 N/A
N/A N/A  2and3 N/A

Figure 3-8: Median Placement Drop-Down Menu Faatilin

Figure 3-9 displays the box which reads the udecsen for ‘Median between Lanes’
and displays a numerical value dependent uponetleeton. If the user selects “1 and 2” then
the box will display the number ‘1’. If the usalacts ‘2 and 3’ then this box will display the
number ‘2’. If the user does not have the optmsgecify where the median is located and
‘N/A’ is selected then this box will display a ‘0The number displayed in this box, along with

the number of lanes, is used within the programotoectly place the median if one exists.

MMedian Placement:
0

Figure 3-9: Numerical Representation of Median &aent

3.2 Section Geometry and Material Properties Sheet
The Section Geometry and Material Properties ugerface, shown in Figure 3-10,
allows the user to input girder, diaphragm, slaig, wearing surface geometry. In addition, the
user can input concrete material properties anckarédth properties. All user-input boxes are

displayed with a white background.

3.2.1Section Geometry

This sheet allows the user to input the heigh} @nd width (in.) of the girders and
diaphragms as well as the deck slab thickness (Rey KDOT request, BRIDGE defines the
height of the girders and diaphragms as from thtoboof the element through the top of the
slab. This height definition should allow the usemore conveniently input the girder and
diaphragm properties directly from the bridge degtans. If the user desires either the girder
or diaphragm to not have a ‘web’ section, the unsay simply make the height of the girder or
diaphragm equal to the deck slab thickness and/iéirewidth equal to any number. The
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program will work correctly and assume there isvad for the girder or diaphragm. Per

KDOT permission, the girders and diaphragms arerasd rectangular as this is the only beam
shape used in the bridges targeted by this progim. program allows the user to specify
different dimensions for the interior and exteddphragms. However, the program assumes
that all exterior diaphragms have the same dimessand all interior real diaphragms have the
same dimensions. If, in the Mesh & Alignment shdwet user specifies that there are no interior
diaphragms then the user may set the interior dagwh user-input cells in the Section Geometry
and Material Properties sheet to anything — BRIDKA&wsS to ignore these inputs. No user
input for the virtual diaphragms is necessary astlogram already assumes that the virtual
diaphragms, discussed in section 3.1.2, have d&tegual to the deck slab thickness and have a

tributary width equal to the interior diaphragmeetive slab width, as displayed in Figure 3-6.

SECTION GEOMETRY AND MATERIAL PROPERTIES

Diaphragms
” Height (through deck) (1) |
Width (web) (b) q
Height (tarough deck) () ad
Width (web) (b) i q

'y

F b 4" Wearing Surface

Thickness

ll
L
o ]

Unit Weight

L

£
A BB

Figure 3-10: Section Geometry and Material Propsrtiser Interface

Additionally, the user may input a wearing surfétwekness (in.) along with the wearing

surface unit weight (pcf). The wearing surfaceperties are used strictly for bridge dead load
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calculations and do not contribute to the girdediaphragm cross sectional properties or the

bridge stiffness.

3.2.2Material Properties

Per KDOT request, the user specifies the concmtgoessive strength:{psi), as well
as the concrete unit weight, (pcf), which is used to determine the bridge’sddiead weight.
The concrete strength is a user input, howevéhngifuser does not know the specified design
concrete strength, it is recommended that a val@®@0 psi be used. 3000 psi was a common
compressive strength for concrete in the early X0@0en most of the bridges affected by

reverse diagonal cracking were built.

3.2.3Crack Properties

In this sheet, the user specifies the crack pt@seand the condition of the girders near
the supports. As discussed in section 2.1.4.1shod/n in Figure 2-2, the crack width of the
reverse diagonal shear cracks are sometimes sedéet a portion of the crack faces are no
longer in contact with each other and, thus, dopnotide any shear capacity. Based on
inspection reports and engineering judgement, siee should determine the percent of the girder
width which maintains full contact between crackefsand thus transfers shear across the crack.
This percent is entered for the “% Cracked Girdedt¥WUsed”. The less girder width used the
smaller the shear capacity and more conservateséotid rating. The user may also specify the
angle of crack propagatio6, of the reverse diagonal crack. The orientatibtiis angle is
shown in Figure 3-11. As discussed in sectior®423the program calculates a predicted crack
angle based on the effects of friction forces atginder-to-bearing pad interface. The user can
choose to either use their manually-entered cragkezd, or use the program calculated crack
angle. To use the manually-entered angle thealsmrld select “Manual” from the “User Input
or Calculated Angle?” drop-down menu, as shownigufe 3-12. Otherwise, the user should
select “Calculated” for the analysis to use thewalted crack angle. The user may also specify
the diameter of the aggregate used in the girdecrete in the ‘Aggregate Diameter’ input box.
If this parameter is unknown, it is recommended tha user input an aggregate diameter of 1”.

The larger the aggregate diameter specified, tigetand less conservative the rating factor.
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Figure 3-11: Angle of Crack Propagation

Calculated| = |

Figure 3-12: ‘Use Input or Calculated Angle?’ Drbpwn Menu

3.2.4Background Computations of Section Geometry Sheet

Two tables, shown in Figure 3-13, are located enldackground of this sheet. The first
table displays the web area of the girders andhdggpns. It also displays the distance from the
top of the slab to the centroid of the girder apdiragm web (assuming the slab thickness is
NOT part of the girders and diaphragms). Theseised later to find other geometric properties
for the bridge members. The other table displhggadrsion constants, J, for each interior,
exterior, real, and virtual girder and diaphragrd &@sa corresponding effective slab. If interior or
virtual diaphragms do not exist in the run, thenns calculated for those members. The
slab/girder or slab/diaphragm element is broken siinpler rectangular sections in order to
calculate the torsional constant. There are twgswa break the elements, shown as ‘Method 1’
and ‘Method 2’ in Figure 3-14. For each metho@, titrsional constant for each cut-up section
is computed using Equation 3-3. These torsionastamts are then added together to find the
overall torsional constant of the shape for eacthote The virtual diaphragms are composed

entirely of a slab element. Therefore, the torai@onstant (J) of only a single rectangular
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section is calculated. BRIDGE uses the large¢hefcalculated torsional constants (using

Method 1 or Method 2) in the analysis becausedtaser to the actual value.

X-Centroid
(from top of
Area (in®)  deck) (in.)
Girder 504 22
Ext. Diaphragm 192 16
Int. Diaphragm 192 16
Interior Interior End Virtual
Girder Exterior Girder Diaphragm Diaphrag Diaphragm
& Deck & Deck & Deck m& Deck & Deck
J (Method 1) 69046 34027 30228 18196 25232 |
J (Method 2) B0467 69073 31836 20664

Figure 3-13: Background of Section Geometry andevial Properties Sheet

Method 1 Method 2

Figure 3-14: Methods to Calculate the Torsional STant

1 b 1 /b\*
= h(=—-021-|1—-—(= Equation 3-3
] th<3 021hl1 12<h> D a
Where
J = Torsional constant (fh.
b = Smaller dimension of rectangles in Figure Jifh4
h = Larger dimension of rectangles in Figure Jifh4

41



3.3 Section Properties Sheet

The Section Properties sheet is not a user indtstHowever, the user may view this
sheet in order to gain a better understandingeftialysis being conducted by the program or to
help them perform hand checks. The area, A, yroehtrom top of deck, ¢ x-centroid from
center of the girder/diaphragm wely, @nd the moments of inertia in both the x & y direns
about the section centroid is calculated for eatdrior, exterior, real, and virtual girder and
diaphragm web and effective tributary slab widlthese properties are displayed in the table
shown in Figure 3-15. The torsional constantpdefch section is calculated in the background
of the Section Geometry sheet and the governisglisplayed in the table in Figure 3-15. The
parallel axis theorem is used to find the momehtseatia about the centroid of each section.
The moment of inertia does not include barriers Ki2OT request. Since the barriers would
increase the stiffness of the sections, their estafuis conservative. A cross-sectional view of
each real element, including the effective deckigecwith the general centroid location, is also
included in this sheet, as shown in Figure 3-1teeSeinforcement does not contribute to these

section properties, which is a conservative sirgaltfon.
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3978.00

36 | 1400588
336.00( 124161336.00

Figure 3-15: Section Properties Sheet

3.4 Truck Input Sheet

The Truck Input user interface, shown in Figure63-dllows the user to place between
one and four trucks on the bridge. All user inpokes are displayed with a white background.
As seen in Figure 3-16, the information for Trudki¢ displayed in the upper-left section, Truck
#2 in the upper-right section, Truck #3 in the lowedt section, and Truck #4 in lower-right
section. The display options are the same for &ach. If the user desires only one truck
placed on the bridge then the ‘Truck #1’ section 3Ube filled out while all of the other truck
sections MUST display ‘None’ in the ‘Truck Type’arsnput box. This configuration is
displayed in Figure 3-16. As long as the ‘Truclp@&yuser input displays ‘None’ it does not
matter what the other user-input boxes displaytat truck. If a second truck is added to the
bridge, it MUST be entered into the ‘Truck #2’ sentand so forth.
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Use Multiple Lane Prasence
Factor from AASHTO

Bpecifications
(2002) Articl= 3.127

Create Mash (SELECT 1st)

Place Trucks on Bridgs (SELECT 2ad) |

Up-Station

Figure 3-16: Truck Input User-Interface
3.4.1Truck Selection and Placement

Further discussion of the Truck Input user integfadll focus on the ‘Truck #1’ section,

shown for more clarity in Figure 3-17.
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| HUnit |~

2
Up-Station
Entering Bridee

Figure 3-17: Truck Input and Information Section

3.4.1.1Truck Type

When the ‘Truck Type’ user interface box is seld@elrop-down menu appears (Figure
3-18) which lists all of the 13 truck types whittetuser can place on the bridge (discussed in
section 2.1.2.1) along with the ‘None’ option dissed previously. For rating purposes, all
trucks on the bridge should be the same type. @ringck type is selected the ‘Gross Vehicle
Weight (tons)’ and ‘Number of Axles’ sections wilbpulate automatically to display the
information unique to the truck type selected. Tdi#e at the bottom of the ‘Truck #1’ section
will also populate automatically. The ‘Axle # ewhn lists the number of axles on the truck
type. Axle #1 is always the axle closest to tloafof the truck. The ‘Distance behind Front
(1%Y) Axle’ column displays the location (ft.) of eaakle relative to the truck’s front axle. For
example, as shown in Figure 3-17, thiéaxle of an H Unit truck is 14 ft. behind the franbst
axle. As shown in the figures in Appendix A, ti&akle of the HS Unit Truck is permitted to
vary between 14 and 30 ft. behind t#é &le while the > axle of the Notional Rating Load
(NRL) is permitted to vary between 6 and 14 ft.ibdithe £ axle. For simplicity, the user is

not given an option to choose the location of treedes. BRIDGE assumes the smallest axle
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spacing permitted (14 ft. for the HS Unit Truck ahftt. for the NRL) because this configuration
leads to the truck loads being less distributed twe length of the bridge. This more
concentrated load pattern leads to larger live leadtions at supports close to the truck which
lowers the rating factor, thus, this is a conseveaapproach. The ‘Weight on Axle (tons)’ and
‘Weight on Axle (Ibs.)’ columns display the groseight on each axle in the corresponding
units. This information is displayed to give theeuconfidence that the program is using the
correct data which is taken from the AASHTO (2002BE (2011), and KDOT (2016) figures
displayed in Appendix A.

H Unit

Mane

Tupe 3 Unit

HS Urit

Tupe 352 Uit
Tupe 3-3 Unit
Tupe T130 Unit
Tupe T170 Unit &7

| » [l 4

Figure 3-18: ‘Truck Type’ Drop-Down Menu

There is a glitch in the program which occurs wherew truck type is selected for Truck
#1. The ‘Gross Vehicle Weight’ box, ‘Number of &sl box, and the Truck #1 table does not
repopulate to display the information for the neuck selection. However, the problem is
entirely cosmetic as the user-selected truck isgqulan the bridge and analyzed if the ‘Create
Mesh’ and ‘Place Trucks on Bridge’ buttons areel@. To adjust for this malfunction, it is
suggested that the user reset Truck #2 to theatksiick type after adjusting Truck #1. When

Truck #2 is reset the page refreshes to displagah@ct information for Truck #1.

3.4.1.2Lane Number Assignment

When the ‘Lane #' user interface box is selecteldog-down menu appears, as shown in
Figure 3-19. The drop down menu displays onlyrtiiaber of lanes which the user defined in
the ‘Mesh & Alignment’ sheet. As stated in sect®h and shown in the graphic of Figure 3-1,
‘Lane #1’ is the lane closest to the bottom gird€he lane numbers progressively increase
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toward the top girder, as shown in Figure 3-1. BRE allows the user to place multiple trucks
in the same lane. As stated in section 2.1.2.2ENI)11) specifies that to load rate bridges, this
is sometimes necessary. When the user specifeerimks occupying the same lane the ‘Lane
# user interface boxes turn red and a warning agessvith red text appears, as shown in Figure
3-20. The text readsViultiple trucks are in the same lane! Ensure they d not overlap!
Trucks in the same lane should have the same ‘Dirgan of Travel’ and opposite ‘Truck
Locations’!”. While the program allows the user to place ipigttrucks in the same lane, it is
the user’s responsibility to place the trucks iohsa way that the trucks to not occupy the same
space or ‘overlap’. To ensure that two truckshie $ame lane do not overlap the following three
criteria MUST be met:
1. Both trucks must be traveling in the ‘Up-Statioiredtion or both be traveling in the
‘Down-Station’ direction
2. One truck must be in the ‘Entering Bridge’ locatighile the other must be in the
‘Exiting Bridge’ location
3. The sum of the extreme axle spacings (last nunmbtirei ‘Distance behind FrontSfiL
Axle’ column) of the two trucks must not exceed Geder Length’ specified by the
user in the ‘Bridge Mesh & Alignment’ sheet.
a. An additional 30 ft. of clearance is recommended/BE (2011) Article
C6B.6.2.2.

Figure 3-19: ‘Lane Number’ Drop-Down Menu
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MMultiple trucks are in the same lane! Ensure they do not
overlap! Trucks in the same lane should have same
'Direction of Travel' and opposite '"Truck Location'!

Create Mesh (SELECT 1st) |

Place Trucks on Bridge (SELECT 2nd) |

Figure 3-20: Warning Message if there are Multiptacks in a Lane

3.4.1.3Direction of Travel

When the ‘Direction of Travel’ user interface baxselected a drop-down menu appears,
as shown in Figure 3-21. The user is given twaoogt ‘Up-Station’ and ‘Down-Station’. As
shown in the graphic of Figure 3-1, ‘Up-Stationfers to the direction right of the bridge.
Therefore, all trucks heading toward the ‘right'tbé bridge should be specified as traveling in
the ‘Up-Station’ direction while all trucks headitmvard the ‘left’ of the bridge should be
specified as traveling in the ‘Down-Station’ direct. Trucks in the same lane should travel in
the same direction which is why the ‘Direction g&V¥el’ must be the same for all trucks placed
in the same lane. This connotation is used in BREbecause most bridge design sheets are
orientated in such a way that the roadway statgpmnoreases from left to right on the sheet.
Thus ‘Up-Station’ is in the direction of increasis@gtion numbers while ‘Down-Station’ is in the

direction of decreasing station numbers.

Dowrn-Station

Figure 3-21: ‘Direction of Travel’ Drop-Down Menu
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3.4.1.4Truck Location

When the ‘Truck Location’ user interface box ises¢¢d a drop-down menu appears, as
shown in Figure 3-22. The user is given two oid&ntering Bridge’ and ‘Exiting Bridge’'.
BRIDGE conservatively places the entire truck amlthidge as this will produce a larger live
load at the girder supports (compared to the samek bnly half on the bridge), thus producing a
smaller rating factor. When the ‘Entering Bridggtion is selected the program places the
truck’s last axle on the center of the end diapiragth the rest of the truck on the bridge.
When the ‘Exiting Bridge’ option is selected thegram places the truck’s first axle on the
center of the end diaphragm (the opposite end dagoi referenced for the ‘Entering Bridge’
option) with the rest of the truck on the bridg&hen two trucks are placed in the same lane and
both are given the same ‘Truck Location’, the pamgrassumes the user is placing these trucks
directly on top of each other which is not reatisthd should be avoided.

Up-Station

Entering Bridge
Entering Eridge
Exiting Bridge

Figure 3-22: ‘Truck Location’ Drop-Down Menu

3.4.2Multiple Lane Presence Factor

AASHTO (2002) Article 3.12 allows reduction of thiee loads by the factors specified
in Table 2-1. BRIDGE allows the user to choosetivaeor not to use this reduction. When the
‘Use Multiple Lane Presence Factor’ user interfaor is selected a drop-down menu will
appear, as shown in Figure 3-23. When the usectselYES’ the program will apply the
reduction factors to all truck loads placed onlihdge (When only one or two lanes contain
trucks this factor is ‘1’ and the load is not redd When the user selects ‘NO’ the program
will NOT apply the reduction factors to any trucksd the bridge is analyzed for the full gross
weight of all the trucks placed on the bridge. eSehg ‘NO’ is conservative, as it creates a
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larger live load reaction at the girder supportsstbausing a smaller rating factor at those
supports.

Use Multiple Lane Presence

Factor from AASHTO

Standard Specifications

(2002) Article 3.127 YES |-

MO

Figure 3-23: ‘Multiple Lane Presence Factor’ Dropvilh Menu

3.4.3Background of the Truck Input Sheet
The background of the Truck Input sheet containsymiables which are used within the
program to properly assign a magnitude and locdataach truck load. The first table, shown

in Figure 3-24, calculates and displays the nunobeser-specified trucks used in the analysis.

# of Trucks:
&

Figure 3-24: Number of Trucks

The second table, shown in Figure 3-25, gives nigaleralues to the user inputs. For
the ‘Direction’ of each truck, a ‘1’ signifies ‘UBtation’ while a ‘2’ signifies ‘Down-Station’.
For the ‘Entering or Exiting’ row, a ‘1’ signifiehat the truck is entering the bridge while a ‘2’
signifies that the truck is exiting the bridge. eTbirection’ and ‘Entering or Exiting’ rows may
contain a value for a truck that is not placedtmntiridge. The ‘Lane # row indicates which

lane each truck is in while a blank value indicdles there is no truck selected.

Truck #1 | Truck #2 | Truck #3 | Truck #4
Direction: 1 2 1 2
Entering or Exiting: 1 & 1 1
Lane #: 1 2

Figure 3-25: Numerical Representation of Truck Etaent User-Inputs
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The third table, shown in Figure 3-26, describégctvtrucks are sharing a lane with
another truck. A ‘O’ indicates that the truck lesng a lane with another truck while a ‘1’

indicates that the truck is not.

Mulitple Truck in Lane?
Truck # | Truck #1 | Truck #2 | Truck #3 | Truck #4
YES/INO 1 1 1 1

Figure 3-26: Trucks which Share a Lane

The table shown in Figure 3-27 indicates whictetacontain a truck. A ‘1’ indicates
that the specified lane contains a truck while’art@icates that either that lane is empty or there
is no corresponding lane. The table shown in @428 displays the number of lanes which

contain a truck and is simply the sum of the valadsigure 3-27.

Lanel | Lane2 | Lane3 | Lane4 |
1 1 0 o}

Figure 3-27: Lanes Occupied by a Truck

# Loaded Lanes
i

Figure 3-28: Number of Loaded Lanes

The background of this sheet contains a list efakle spacings and the weight on each
axle for every truck. A sample of this list is ghoin Figure 3-29. This list is used to display
the automatically generated information in thisettie use within the program to place the truck

loads on the bridge.
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Distance Behind Front Weight on Axle

{1st) Axle (ff): (tons):

H Unit 0 4

14 16

Type 3 Unit 0 8
13 83

19 8.3

HS Unit 0 4
14 18
28 16

Type 352 Unit 0 5

11 173
15 175
37 175
41 173

Figure 3-29: Snapshot of Spacing and Loads on €aak Axle

3.4.4Create the Bridge & Place Trucks on the Bridge

Once the user inputs in the ‘Mesh & Alignment’, CHen Geometry’, and ‘Truck Input’
sheets are completed the program is ready to citeateridge and place truck loads on the
bridge. To do this the user simply selects thedl® Mesh’ and ‘Place Trucks on Bridge’
buttons, shown in Figure 3-30. The user MUST gdlex‘Create Mesh’ button BEFORE the
‘Place Trucks on Bridge’ button. It should takemore than a few seconds for each of these
buttons to perform their respective functions. e and larger the trucks placed on the
bridge the more time required to run the ‘Placecksuon Bridge’ function. The amount of data
needed to perform the tasks completed by thesétttons is too big to fit into one module.
Therefore, they are divided into two modules and buttons are required to run these two

modules. The functions performed by these buttmasiescribed in sections 4.1 and 4.2.

Create Mesh (SELECT 1st) ‘

Place Trucks on Bridge (SELECT 2nd) |

Figure 3-30: First Two Buttons which Run BRIDGE
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3.5Reaction Input Sheet

The Reaction Input user interface, shown in Fidi84 allows the user to choose either
the girder support reactions calculated by BRIDG@Eheir own reactions calculated externally
by any other software in determining the ratingdador the bridge. To enter a reaction the user
simply inputs both the dead and live load reactigiss) in the appropriate column and row,
shown in Figure 3-31. Each ‘Support Node #' repns a girder support. A graphic illustrating
the support corresponding to each ‘Support Node ghown in the Results sheet and in Figure
3-34.

Support| Reaction at Support Caused By:

Node #: | Dead Load (kips):| Live Load (kips): Use Calculated or

5.00 16.00 Input Reactions: CALCULAIED
5.00 8.00

7.00 16.00

7.00 8.00

7.00 16.00

7.00 8.00

300 16.00 Load Rate Bridge

5.00 8.00

Figure 3-31: Reaction Input User-Interface

When the ‘Use Calculated or Input Reactions’ usptit box is selected, a drop-down
menu appears which displays two options: ‘CALCULATENd ‘INPUT’, as shown in Figure
3-32. When ‘CALCULATED' is selected, the rating:tar is based on the program-calculated

reactions. When ‘INPUT’ is selected the ratingdads based on the user-input reactions.

Use Calculated or -
Input Reactions: MUWUT

Figure 3-32: ‘Use Calculated or Input ReactionsdopDown Menu
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When the ‘Load Rate Bridge’ button is selectedltiael rating is calculated and
displayed in the ‘Results’ sheet. The functiowatit this button is described in section 4.3.

3.6 Results Sheet

The Results sheet displays both the operatingdtdétmn) and inventory (right column)
minimum load ratings at each support caused byrtio&-load placement combination which
caused the largest live load at each support. diest is NOT a user-input sheet and only
displays the program results. Like in the Reachigout sheet, each ‘Support Node # represents
a girder support, which is graphically shown indgy3-34. When ‘N/A’ is shown as the rating
factor at a support, there is very little or neelivad reaction at that support. This leads to a
rating factor which is either very large or undefin(due to the rating factor equation being
divided by ‘0"). If this is the case, the ratiragtor at this support will not govern the rating
factor of the bridge, thus it is inconsequential &WA' is printed. The ‘Governing Load
Rating’ table displays the absolute minimum opeagaéind inventory load ratings for the bridge.
These load ratings are used to assess the condittbe bridge and to determine if the bridge

needs posting.

Support | Minimum Load Rating IGm:erning Load Rating:
Inventory Operating | Inventory
0.76 0.66
N/A
0.66
128
0.67
0.86
0.70
0.85

Figure 3-33: Results Sheet

Also in this tab is a graphical representatiothefbridge mesh, shown in Figure 3-34,

which is created when the ‘Create Mesh’ buttorelsced. This graphic illustrates the number
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or girders (horizontal members) and diaphragmsipamembers) and shows how each
member and node is labeled by the program. Whetstow Node Numbers’ circle is selected,
the graph only displays the node labels which,igufe 3-34, are the numbers by the member
intersections that are not boxed. When ‘Show Mamenbers’ is selected, the graph only
displays the member labels which, in Figure 3-34,the boxed numbers adjacent to their
respective members. When ‘Show Node & Member Nugile selected, both node and
member labels are displayed on the graphic. Taphic can illustrate up to 12 girders and any
number of diaphragms. End, real interior, andualkinterior diaphragms are illustrated in the

graphic.
7 B
10 11 12
[11 [14 [17
5 6
T g 9
Create Mesh @ IE IE
3 4
1 Show Node Numbers 4 5 o)
{:} Showr Member NMumbers IE IE IE
{®) Show Mode & Member Numbers 1 2
1 2 3

Figure 3-34: Bridge Mesh Graphic
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Chapter 4 BRIDGE Functionality

4.1 Create Mesh

The ‘Create Mesh’ button initializes the ‘Load_Pdtbcations’ module within the

program. When this module is ran BRIDGE perforhesfbllowing tasks:

4.1.1Creating Grid and Assigning Member & Node Numbers

This module creates a grid composed of the bridigkeis and diaphragms and assigns a
number to each member and node (member ends) wlithigrid. The grid of a bridge with 4
girders and 3 diaphragms is shown in Figure 4-ie fumbers in boxes represent member
numbers while the numbers not boxed represent noaders.

If the number of girders is greater or equal tortbeber of diaphragms, the numbering
of the nodes begins at the bottom left corner eflitidge and increases along the bottom girder
until all the diaphragm-girder connecting points assigned a number. When the end of the
first girder is reached, the successive node itherar left end of the adjacent girder. The node
numbering then increases along the girder untibfathe nodes on this girder are assigned. This
continues with each successive girder until athefdiaphragm-girder connecting nodes are
assigned, as shown in Figure 4-1. Then the mendsensumbered, starting at the bottom
leftmost girder and increasing across the girdéreemoving to the girder above, as shown in
Figure 4-1. After all the girder members are ladethe diaphragm members are numbered
starting at the bottom leftmost diaphragm memberiaareasing along the left diaphragm
before starting with the next diaphragm, as shawfigure 4-1.

When the number of diaphragms is greater thanuah&er of girders, the numbering of
the nodes and members is similar to when the nuofigirders is greater than the number of
diaphragms except the numbering first increasesgaioe diaphragms beginning at the leftmost

diaphragm before progressing to the girders.
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Figure 4-1: Bridge Mesh with Labeled Members andi&

4.1.2 Assigning Coordinates to Nodes and End Nodes to Mdrars

Coordinates (in.) are assigned to each node bas#dteaiser input from the Mesh &
Alignment sheet. Nodes are also assigned to ttie eheach member. The assignments are
displayed in the Node & Member Assignment sheeshasvn in Figure 4-2. For the node
coordinates, the X’ axis is parallel to the bridggan and girders while the 'y’ axis is parallel to
the diaphragms. End node ‘i’ is the node to tlfitedea girder member or bottom of a diaphragm
member while the ‘j" node is on the opposite enthefmember.

Node Coordinates End Nodes
Node X y Member i j

1 0 0 1 1 2

2 306 0 2 2 3
3 612 0 3 4 5
4 of 171333 4 5 6
5 306| 171333 5 7 8

6 612 171333 6 8 9

7 0| 342.667 7 10 11

8 306| 342.667 8 11 12

9 612| 342.667 9 1 4
10 0 514 10 4 7
11 306 514 11 7 10
12 612 514 12 2 5
13 5 8

14 8 11

15 3 6

16 6 9

17 9 12
Figure 4-2: Member End Nodes and Node Coordinates
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4.1.3ldentifying Boundary Members for Panels

The grid creates ‘panels’, which are rectanglesosunded above and below by girders
and to the left and right by diaphragms. These|saare numbered by the program starting with
‘1’ for the bottom leftmost panel in Figure 4-1 aindreases numerically first to the right then to
the top. The panel numbers and the number of eatbunding member are displayed in a table
in the Node & Member Assignments sheet, as shovigare 4-3.

Panel £ Member | Member | Member | Member
# Above | # Below | #Left | #Right

1 3 1 S 12

2 4 2 12 15

3 5 3 10 13

4 6 4 13 16

5 7 5 11 14

& 8 6 14 17

Figure 4-3: Panel List and Surrounding Members

4.1.4Determining Truck-Load Paths

BRIDGE determines the truck paths in each lanandird truck axles are spaced 6 ft.
apart and the truck encroaches an additionalga#it the centerline of each wheel load, making
the entire truck clearance 10 ft., as explaineéfigyre 2-1. AASHTO (2002) states that the
truck should be placed in its lane so as to prodiabeenaximum live load reaction at the girder
supports. This would require the creation of iafiae lines to determine the exact truck
placement combination which creates the maximumliad for each girder support. This type
of analysis is computationally expensive to creaté would result in much longer run times for
the program. As a simplified alternative, the perg places each truck in four load paths across
their respective lane. The exterior wheels infits¢ and fourth load paths are placed 2 ft. from
the edge of the barrier or lane-dividing line, Bewn by the exterior trucks in Figure 4-4. The
other two truck-load paths (interior trucks in Figu-4) are spaced uniformly between the two
exterior loading paths at a spacing labeled ‘LoathBSpacing’ in Figure 4-4. The ‘Load Path

Spacing’ is unique for each lane depending upomaihe width and shoulder widths adjacent to
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that lane. The shoulder widths are consideredgfdite adjacent lane, thus the truck is allowed
to encroach upon the shoulder width. Truck-loathpare assumed straight across the length of
the bridge.

To determine the extreme live load at each girdppert the program places Truck #1 in
its first load path and incrementally moves all thieer trucks throughout their load paths. Truck
#1 is then moved to its second load path and thegss is repeated until all possible truck
placement combinations, and the girder supporticgeccaused by each combination, are
analyzed. For example, if there are two truckshenbridge there will be 16 separate load
combinations analyzed by the program. If theretlaree trucks, there will be 64 total load

combinations.

Adjacent| , _ Shoulder
Lane Lane Width Width

lininiiainin

Load Path Load Path Load Path o
Spacing Spacing Spacﬁg

]

Figure 4-4: Four Load Paths within each Lane

4.1.5Placing Trucks on Bridge
The program uses the tables in the backgroundeofthck Input sheet to place the truck
loads in the appropriate user-specified locatidgach wheel load is assigned a number. The

loads from Truck #1 are labeled first followed bydk #2 and so on. The location of each
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wheel load is then identified. The x-coordinateeath load is measured from the center of the
far left diaphragm while the y-coordinate of eaghd is measured from the center of the bottom
exterior girder. There are four y-coordinates egponding to each load which represent the
positions of the four truck-load paths discussetheprevious section. The “Rightmost” load
path refers to the load path closest to the bogwder while the “Leftmost” load path refers to
the load path furthest from the bottom girder. Tdee magnitude and location of each load is

displayed in the Node & Member Assignments sheeshawn in Figure 4-5.

" Load on | x-dist from cent. far v-dist from cent. of bottom girder for each "load path" (in.)
Load # i ]
Wheel (tons) | left diaphragm (in.) "Rightmost" "Right" "Left" "Leftmost"
1 4 168 17 65 113 161
2 4 168 g9 137 185 233
3 16 0 17 65 113 161
4 16 0 89 137 185 233
5 4 0 281 329 377 425
6 4 0 353 401 449 497
7 16 168 281 329 377 425
2 16 168 353 401 449 497
9 16 336 281 329 37T 415
10 16 336 353 401 449 497

Figure 4-5: Truck Load and Placement Information

4.1.6Determining Multiple Presence Factor

BRIDGE reads whether or not the user chooses ttheskve load reduction factor for
loads in multiple lanes described by AASHTO (208#jcle 3.12. If the user chooses not to use
the reduction factors, the program sets the redidéictor to 1. If the user does choose to use
the reduction factors, the program will read thekiggound of the Truck Input sheet to determine
how many lanes are loaded and assign a reductobor faased on Table 2-1. The program then

prints the reduction factor into the backgroundhef Truck Input sheet, as shown in Figure 4-6.

Reduction Factor

1

Figure 4-6: Reduction Factor
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4.1.7Determining Load Length

The program determines the length of each truckchms defined by the program as the
distance between thé' &nd last axles. This length (ft.) is then prinitethe ‘Load Length’
section in the user-input section of the Truck gheet, shown in Figure 3-17. The overall load
length used for determining the impact factor iu&tpn 2-3 is then found and printed in the
background of the Truck Input sheet, as shown gut@ 4-7.This length is the smallest of either
the shortest truck length on the bridge or thedwikngth because this gives the highest impact

load coefficient, which is conservative.

Load Length:
14

Figure 4-7: Load Length for Impact Factor Calcuati

4.2 Place Trucks on Bridge

The ‘Place Trucks on Bridge’ button initializes theuck Placement’ module. When

this module is ran BRIDGE performs the followingka:

4.2.11dentifying which Panel is under each Load and Loctaon of the Load on the
Panel

This module reads the location of each load andrdghes which panel the load is on.
The relative location of each load on the panéién determined. The ‘x’-distance of the load is
measured from the center of the diaphragm on thedge of the panel while the 'y’ distance is

measured from the center of the girder on the bo&dge of the panel.

4.2.2Distributing each Load to the Members Surrounding he Panel

Each load is then distributed to the girders aagbliiagms on the edges of each panel.
The portion of each load distributed to the variedge members is dependent upon the length of
the edge diaphragms and girders as well as thédocaf the load on the panel. Three methods
were investigated to find the most appropriate et distributing the truck wheel point loads

from the panels to the surrounding girders andhd&gms. The three methods are the ‘Finite
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Element Analysis of panel’, the ‘Rigid Slab Analysif panel’, and the ‘Rigid Beam Analysis

within the panel’.

4.2.2.1Finite Element Analysis of Panel

To investigate the ‘Finite Element Analysis of Pamethod a RISA model was created
which represented a panel surrounded by 8 ft. thaghragms and 12 ft. long girders. The
RISA model is shown in Figure 4-8. This paneldswuaned flexible and consisted of an 8 in.
thick plate of 4 ksi normal weight concrete, whista reasonable representation of bridge deck
slab thicknesses and material strength. To imptie@e@ccuracy of the model, the plate was
divided using a 1'x1’ mesh. A 10 kip load was @d@ ft. from the origin along the girder and 2
ft. from the origin along the diaphragm. If thegom is at the bottom-left corner of the plate and
the entire plate lies in the first quadrant witke tiottom girder along the x-axis then the load is
placed at the coordinates (3’, 2’), as shown iruFégt-8. Each node along the boundary girders
and diaphragms was set as a pined reaction anddtel was ran. The reaction at each node of
the boundary elements was recorded and the sune eéactions equaled 10.242 kips. This
differentiated from the 10 kip original point loatbre than desired so the plate’s mesh was
further refined to a 3"’x3” mesh. Keeping the loadhe same location, the model was again ran.
This time, the sum of the reactions at the boundiesnents was 9.997 kips, which is very close
to the original 10 kip point load, thus, the 3"x8&sh was deemed to produce adequately
accurate results. The reactions along each boymadamber are shown in Figure 4-9, Figure
4-10, Figure 4-11, and Figure 4-12. The ‘primaigptiragm’ is the diaphragm closest to point
load while the ‘secondary diaphragm’ is the diaghndurthest from the point load. Likewise

for the girders. The total load on each edge menskshown in Table 4-1.
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Figure 4-8: RISA Model of ‘Finite Element Analy$ Panel’ with a 3"’x3” Mesh

Reaction Along Primary Diaphragm (Pinned
Diaphragms)
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Distance Along Diaphragm (ft)

Figure 4-9: Reaction at Each Node along PrimarpBiagm
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Reaction (kips)

Reaction (kips)

0.04
0.02

-0.02
-0.04
-0.06
-0.08

-0.1

-0.12

Reaction Along Secondary Diaphragm (Pinned
Diaphragms)

Distance Along Diaphragm (ft)

Figure 4-10: Reaction at Each Node along Secorndepyhragm

Reaction Along Primary Girder (Pinned Girders)

Distance Along the Girder (ft)

Figure 4-11: Reaction at Each Node along Primarg&si
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Reaction Along Secondary Girder (Pinned Girders)

0.15
0.1
0.05

005 0 2 4 6 8 10 12 14

-0.1
-0.15
-0.2
-0.25
-0.3
-0.35

Reaction (kips)

Distance Along Girder (ft)

Figure 4-12: Reaction at Each Node along Secon@ader

It was seen that the loads along each girder aghdagm were centered near the
location of the load, thus it was desired to deteenif the portion of load distributed to each
member can act as a single point load along thebeeat the location of the load. Further, if
this method is used in the program, a finite elena@alysis would need to be conducted for each
panel on the bridge to find the loads on each sudimg girder and diaphragm. This is very
time consuming and complicated, thus, it was ddswedetermine if other distribution methods
yield reasonable results.

4.2.2.2Rigid Slab Analysis of Panel

For the ‘Rigid Slab Analysis of Panel’ a RISA modékthe same panel from section
4.2.2.1 was analyzed, except the diaphragms’ eddswwere freed so only the girder nodes
were pinned and the slab acted in one way actibmdss the girders, as shown in Figure 4-13.
The load and load location remained the same andédfiection of the slab at the location of the
load (Aq) was found. Next, the girder nodes were freedthadliaphragm nodes were pinned so
the slab acted in one way action between the digphs. The load and load location remained
the same and the deflection at the location ofdhd (Ag) was found. These deflections were
used, along with the applied load, to determine HwmJoad distributed to each of the end
diaphragms and girders. The slab, for these aiounls, was assumed rigid. The calculations to
distribute the load are derived below. Equatidhid-substituted to create Equation 4-2 while
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Equation 4-3 is substituted into Equation 4-4 ®ld/iEquation 4-5 and Equation 4-6. Equation

4-1 and Equation 4-2 are then substituted into &oi&-6 to yield Equation 4-7.
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Figure 4-13: RISA Model of ‘Rigid Slab Analysis Banel’ with Pinned Girders and Free

Origin
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P P P P _
P = A_c; m & Pp= E @ Equation 4-7
A; T Ay A; T Ap
Where:
P = Load Applied to Slab
Ka = Stiffness of the slab when acting as a giréigy/iQ.)
Kb = Stiffness of the slab when acting as a diaphrégp/in.)
Ac = Deflection of slab when acting as a girder)(in.
Ap = Deflection of slab when acting as a diaphragmn) (
Ksum = Sum of slab stiffness when acting as girderdiaghragm (kip/in.)
Pq = Total load transferred to diaphragms (slals astgirder) (kips)
Pp = Total load transferred to girders (slab actdiaphragm) (kips)

For this analysis thac andAp were 0.029 in. and 0.009 in. respectively while déipplied
load,P, was 10 kips. Therefor&: andPp were 2.39 kips and 7.63 kips respectively, as show
in Equation 4-8 and Equation 4-9:

b _ 10 10 ok o

¢ 0.029 ( 10~ 10 ) = 2.57KIp quation 4-
0.029 T 0.009

b _ 10 10 o eak s

D™ 0.009 ( 10 10 ) = /.03 KIp quation 4-
0.029 T 0.009

The loads on each girder and diaphragm are thienndimed in a similar method as used
to determine the reactions of a simply supportearbeaused by a point load on the beam, as
shown in Equation 4-10 and Equation 4-11. Thetdoeds transferred to each member using

the ‘Rigid Slab Analysis’ are displayed in Tabld 4-
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a
Paistributed to diaphragm = Pe— Equation 4-10

Lg
Paistributed to girder = Pp % Equation 4-11
Where:
Pist. to diaphragm = Point load on each diaphragm
Puist. to girder = Point load on each girder
a = Distance between point load and girder/diagim analyzed
Le = Length of girders
Lo = Length of diaphragms

4.2.2.3Rigid Beam Analysis within the Panel

It was then desired to see, with what accuracyskhle could be modeled as two beams.
In the ‘Rigid Beam Analysis’ a RISA model was ceshtvhich consisted of two beams, each 1
ft. wide and 8 in. thick. The ‘girder beam wa#t.2from the origin while the ‘diaphragm’ beam
was 3 ft. from the origin, so that the intersectidthe two beams was at the coordinates (3’, 2°).
The 10 kip point load was applied at this locatiost like the previous models. This setup is
shown in Figure 4-14. The girder beam was deldéayjng the diaphragm beam with both ends
pinned. The deflection of the bean, at the location of the load was determined. {inger
beam was then added and the diaphragm beam wasdielehe deflection of the girder beam,
Ag, at the location of the load was then found. HEgnad-7 and Equation 4-10 were then used
to find the load transferred to each diaphragmarakr.

For this analysis thac andAp were 0.19 in. and 0.057 in. respectively while dpelied
load,P, was 10 kips. Therefor&: andPp were 2.308 kips and 7.69 kips respectively, aed th
load transferred to each girder and diaphragmshawn in Table 4-1.
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‘Diaphragm’ Beam

‘Girder’ Beam

2

Figure 4-14: RISA Model for the ‘Rigid Beam Analyswvithin the Panel’

4.2.2.4Analysis Results and Conclusions

As seen in Table 4-1, the ‘Rigid Slab Analysis ahBl’ and ‘Rigid Beam Analysis
within the Panel’ distribute loads similarly to there accurate ‘Finite Element Analysis of
Panel’, especially for the primary girder, whiclceg/es the majority of the load. Based on these
results, it was concluded that the ‘Rigid Beam Amsis of Panel’ can distribute loads to the
girders and diaphragms with reasonable accuracy.

The centroid of reaction along each girder andIdiagm for each method are shown in
Table 4-2. The area under the curves of Figuré€ugh Figure 4-12 were analyzed to find
the reaction location for the ‘Finite Element Argly while a similar process was used for the
‘Rigid Slab Analysis’. For the ‘Rigid Beam Analgsthe load was assumed to transfer to the
girders and diaphragms at the point along the medreesponding to the location of the
concentrated load. The centroid of the reactioritfe ‘Rigid Slab Analysis’ was extremely
close to the location along the girders and diaginsaof the concentrated load. The centroid of
reactions along the girders and diaphragms foiRimte Element Analysis’ were further away
from the location of the concentrated load. Howelar the primary girder, which carries the
majority of the load, the centroid of reaction veas distance of 3.7 ft. from the origin, which is
close to the center of reaction for the ‘Rigid BeAnalysis’. For the other diaphragms and
girders, the centroid of reaction is 1.25-2 ft. gr@m the reactions of the ‘Rigid Beam
Analysis’. This was considered insignificant simess load is transferred to these members.
Therefore, it was concluded that the ‘Rigid Beanalyais’ transfers the load to the girders and
diaphragms with reasonable accuracy. Thus, thid thstribution method is incorporated into
BRIDGE.
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Table 4-1: Comparison of Load Distribution to Gisland Diaphragms using Different Analysis

Methods
ANALYSIS | Load Transferred to: .
Diaphragm Girder
METHOD: Primary | Secondary | Primary | Secondary
Finite Element 2.783 0.186 5.758 1.27
Rigid Slab 1.776 0.592 5.723 1.908
Rigid Beam 1.731 0.577 5.769 1.923

Table 4-2: Comparison of the Centroid of Reactilmmg Girders and Diaphragms using the
Different Analysis Methods

Centroid of Reaction from Origin (ft.):
ANALYSIS - -
Diaphragm Girder
METHOD: Primary | Secondary| Primary | Secondary
Finite Element 3.25 3.99 3.70 4.99
Rigid Slab 2.27 2.35 3.10 3.28
Rigid Beam 2 2 3 3

4.2.2.5Aspect Ratio Tables:

The ‘Rigid Beam Analysis’ method was then ran faeaes of girder-to-diaphragm
length *aspect ratios’. In the analysis, eachptimgm’ beam was 1 ft. wide, 8 in. thick, and 10
ft. long. Each ‘girder beam was 1 ft. wide anth8deep while the length of the beam varied.
For an aspect ratio of ‘1’ the beam length wast10d~br each incremental ‘0.1’ increase of the
aspect ratio the length of the ‘girder’ beam inseghby 1 ft. Therefore, for an aspect ratio of
1.5, the girder length was 15 ft. The aspect riatibe girder-length-to-diaphragm-length ratio of
a panel.

The b/fomax & fe/femaxvalues were calculated for various x/a and y/lol logations for
each aspect ratio combination. TbHdmax & fc/femaxvalues are used to find the flexibility of
the panel in each bending direction and are desttity Equation 4-12 through Equation 4-15.
These values are multiplied by thedxand tmaxfor the actual panel being analyzed by the
program to obtain the flexibility of the diaphragmd girder panel beams, &nd &,
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respectively. g is the flexibility of the panel beam acting asiaptiragm (spanning between the
girders and parallel to the diaphragms) whaésfthe flexibility of the panel beam acting as a
girder (spanning between the diaphragms and phraltee girders) These flexibilities are
inverted to find the stiffness of each beam,d0d Ks. These values are then used in Equation
4-7 and Equation 4-10 to distribute the load toginders and diaphragms. The x/a and y/b
ratios describe the location of the load on thespaAs shown in Figure 4-15, ‘a’ represents the
girder length along the panel edge, ‘b’ is the Hragm length along the panel edge, ‘X’ is the
position of the load along the girder and 'y’ i thosition of the load along the diaphragm.

3
fbmax = AL;JTDID Equation 4-12
LG
fomax = 28I, Equation 4-13
Ap
fo =+ Equation 4-14
Ag
fg = T Equation 4-15

Where:
fomax = Maximum flexibility of the diaphragm beam (ikig)
fomax = Maximum flexibility of the girder beam (in./Kip
Lo = Length of diaphragm (in.)
Le = Length of girder (in.)
E = Modulus of elasticity for concrete
Io = Moment of inertia of diaphragm beam {)n.
le = Moment of inertia of girder beam (.
fo = Actual flexibility of the diaphragm beam (inigl
fe = Actual flexibility of the girder beam (in./kip)
P = Point load placed on beams (kips)
Ap = Deflection of the diaphragm beam at locatiopait load (in.)
Ac = Deflection of the girder beam at location ofrjtdoad (in.)
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Figure 4-15: Load Placement on Panel

fo/fomax & fe/femaxvalues are calculated for aspect ratios rangiog ft to 2 by 0.1
increments. Aspect ratios from 0.5 to 1 use timees@alues calculated from the aspect ratios 1 to
2, except the load distribution is switched frora tgirders to the diaphragms and vice versa. For
example, thed/fomax value for an aspect ratio of 0.6 is the same edstfomax value for an
aspect ratio of 1.2. When the aspect ratio isvb€ld the program assumes that the entire load
is transferred to the diaphragms. When the rataver 2, the program assumes that the entire
load is transferred to the girders. If a wheetl@on the cantilever portion of the deck the
program automatically transfers the full load te #udjacent girder.

The b/fomax & fo/femaxvalues for various x/a and y/b values at diffe@syect ratios are
displayed in Table 4-3 and Table 4-4.

Table 4-3: d/fomax Values for Varying y/b Locations for All Aspect e

fo/fomax All Aspect Ratios:
0 0
0.2 0.415295601
yib 0.4 0.922879114
0.6 0.922879114
0.8 0.415295601
1 0
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Table 4-4: §/femax Values for Varying x/a Locations and Aspect Ratios

Aspect Ratio
1 1.1 1.2 1.3 14 15 1.6 1.7 1.8 1.9 2
0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.2] 0.4153| 0.4122| 0.4095| 0.4107| 0.4092| 0.4086| 0.4081| 0.4080| 0.4079| 0.4074| 0.4070
«/a 0.4] 0.9229| 0.9206| 0.9198| 0.9195| 0.9174| 0.9176| 0.9163| 0.9152| 0.9152| 0.9149| 0.9145
0.6] 0.9229| 0.9206| 0.9198| 0.9195| 0.9174| 0.9176| 0.9163| 0.9152| 0.9152| 0.9149| 0.9145
0.8] 0.4153| 0.4122| 0.4095| 0.4107| 0.4092| 0.4086| 0.4081| 0.4080| 0.4079| 0.4074| 0.4070
1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

fG/meax

Table 4-3, shows theffomax Values for varying y/b load locations. The ‘diegdm’
beam length was kept constant, therefore glfedax value was constant for every aspect ratio.
Table 4-4, shows theffemaxvalues for varying x/a load locations. The valdebs

change for varying aspect ratios as the girderrnedanger. However, for a given x/a the
fo/femaxvalue is extremely close for all aspect ratioberefore, for simplicity, the values for an
aspect ratio of 1 are used regardless of the aasipact ratio of the panel. These match the
fo/fomax Values for different y/b ratios, therefore, Tatht8 and Table 4-4 are combined into
Table 4-5. More values for y/b and x/a were ineldich this table to increase the accuracy of
interpolation within the table. The program ugesx/a and y/b locations of the wheel-load on
the panel to interpolate within Table 4-5 to detieran appropriatesffpmax and &/fgmax for

each load. Theffpmaxis found when y/b is used in Table 4-5 agtidnaxis found when x/a is
used. Table 4-5 is displayed in the program’s |&glsheet.
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Table 4-5: H/fomax & fe/femax Values for Varying Load Location on Panel

y/b & x/a folfomax & fc/femax

0 0
0.1 0.133304761
0.2 0.415295601
0.3 0.707540653
Al 0.4 0.922879117
Aspect 0.5 0.999785709
Ratios 0.6 0.922879117
0.7 0.707540653
0.8 0.415295601
0.9 0.133304761

1 0

4.2.3Determining Fixed End Reactions at each Node Causdyy Live Loads

The re-distributed load is applied as a point loadhe edge girders and diaphragms at a
distance along the diaphragm member equal to #ddy’-distance on the panel and along the
girder member equal to the load’s ‘x’-distance loa panel. These loads are then converted into
fixed-end forces at the member end nodes. Theferel moments are defined by Equation 4-16
and Equation 4-17 while Equation 4-18 and Equadidr®, with reference to Figure 4-16, define
the fixed-end shear forces. The fixed-end sheae®are always in the positive ‘upward’
direction. The fixed-end moments and shears dt ead nodes of the member are then

summed.

N L L

Figure 4-16: Fixed-End Moments (FEM) for a Poinedaanywhere on the Span
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Pb?a

FEMyg = I Equation 4-16
FEMg, = Pizb Equation 4-17
Pb? .
V, = 5 [L + 2a] Equation 4-18
Pa? .
Wy = = [L + 2b] Equation 4-19
Where:
FEMas = Fixed-End Moment at point ‘A’ in Figure 4-16
FEMga = Fixed-End Moment at point ‘B’ in Figure 4-16
Va = Vertical reaction at point ‘A’ in Figure 4-16
Vb = Vertical reaction at point ‘B’ in Figure 4-16

4.2.4Determining Reactions at Nodes Caused by Dead Loads

The cross sectional properties and material pregsefor the girders, slab, and wearing
surface, along with the actual effective slab wilildm the background of the Mesh &
Alignment sheet, are used to calculate the unifdead load, w, along each girder. The weight
of the diaphragms and batrriers is neglected agnifgiant and their inclusion would add a great
deal of unnecessary complication to the user ispation and dead load calculations. The dead
load is transferred to the girders because, tylpicidle girders are closer together than are the
diaphragms. If the diaphragms are closer to e#tuér than are the girders then the load should
transfer to the diaphragms. However, it is impcattfor the diaphragms to be closer together
than the girders, so the program always transifiersléad load to the girders. The fixed-end
moments are defined by Equation 4-20, while Equadi®1, with reference to Figure 4-17,
defines the fixed end shear forces. The fixedsrehr forces are always in the positive

‘upward’ direction.
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w

L

A AL

Figure 4-17: Fixed-End Moments (FEM) for a Distiied Load

wl? :
FEMAB = FEMBA = E Equat|on 4'20

L :
Vp=Vg = WT Equation 4-21

4.2.5Printing the k¢ & k st Reactions for the Bridge Matrix

The dead and live load fixed-end forces are sartedthe k loads and & reactions for
the bridge mesh. The liver koads and & reactions for each truck placement combination,
discussed in section 4.1.4, are calculated andegarinThe deadrkloads and & reactions are
kept separate from the live loads because the gmgelive load combination for each girder is
not yet determined. A sample of these reactioasimplayed in theskLoads and & Reactions
sheets respectively, as shown in Figure 4-18 agdr&i4-19.

kg Dead Loads:
0.00 -953.14 -37.38 0.00 0.00 0.00
Combination # kg Live Loads

1 -555.77 -175.89 -3.16 -7.59 214.12 0.00
2 -55577 -175.89 -3.16 -7.59 21412 0.00
3 -555.77 -175.89 -3.16 -7.59 21412 0.00
4 -555.77 -175.89 -3.16 -7.59 214.12 0.00
5 -495 54 -98.56 -1.88 -8.45 119.99 0.00
6 -495 54 -98.56 -1.88 -8.45 119.99 0.00

Figure 4-18: Snapshot of the koads in the ‘k Loads’ Sheet
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k. Dead Reactions:

-6.5876 -6.58759

Combination #
1 -12.423
2 -12.423
3 -12.423
4 -12.423
5 -7.2195
i} -7.2195

When the user selects the ‘Load Rate Bridge’ butteri'Stiffness” module is ran which

k ¢ Live Reactions:

o o o o Qo o

-7.5649

-16.39
-16.39
-16.39
-16.39
-16.39
-16.39

-7.5649

o o o o o

=

-7.5649

-3.8862
-3.187
-3.187
-3.187

-9.0894

-8.3902

-7.5649

0
0
0
0
0
0

Figure 4-19: Snapshot of the Reactions in the kReactions’ Sheet

4.3 Load Rate Bridge

performs the following tasks:

4.3.1Assigning Properties to each Member

BRIDGE uses the information displayed in the SecBooperties sheet, shown in Figure

3-15, along with the concrete strength user-inpad, the coordinates of each node to determine

-7.5649

-4.0976
-3.3984
-2.0976
-0.7967
-4.0976
-3.3984

the area, length, moment of inertig) (korsional constant (J), shear modulus (G), elasbdulus

(E), and angle of rotation (theta = 0 or 90) foctleenember in the bridge mesh. These properties
are displayed in the Member Properties sheet, @srsin
Figure 4-20. Equation 4-22 and Equation 4-23 aezluo find the elastic modulus and

shear modulus respectively. A Poisson’s ratjaof 0.2 is used. The girders are all oriented at

an angle of 0° while the diaphragms are oriente@@ft. The ‘theta’ column in

Figure 4-20 displays these angles in radians.

E =57/t
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E

G Equation 4-23

C2(14v)

Member | Area @) | Lengthm) | 1@ | 7@ | cosd) | Eaosd) | theta
T | 94325 306 150991 39601 1301 3122019 0
2 | 04325 306 150991 39601 1301 3122019 0
3 1122 306 170629 41900 1301 3122019 0
4 1122 306 170629 41900 1301 3122019 0
5 1122 306 170629 41900 1301 3122019 0
6 1122 306 170629 41900 1301 3122019 0
7 | 94325 306 150991 39601 1301 3122019 0
g | 94325 306 150991 39601 1301 3122019 0
o | 115425 171333333 18652 16948 1301 3122019 -15708
10 | 115425 171333333 18652 16948 1301 3122019 -15708
11 | 115425 171333333 18652 16948 1301 3122019 -15708
12 | 21195 171333333 7834 0 1301 3122019 -15708
13 | 21195 171333333 7834 0 1301 3122019 -15708
14 | 21195 171333333 7834 0 1301 3122019 -15708
15 | 115425 171333333 18652 16048 1301 3122.019 -15708
16 | 115425 171333333 18652 16948 1301 3122019 -15708
17 | 115425 171333333 18652 16948 1301 3122019 -15708

Figure 4-20: Member Properties

4.3.2Creating Assembled Stiffness Matrix for Bridge
The program uses the member properties to creatéxit stiffness matrix, shown in
Appendix B, for each member. The member end natethen used to combine these member

stiffness matrices into one large assembled s&ffmeatrix which encompasses the entire bridge.

4.3.3Creating ki & k st Matrices

BRIDGE separates the assembled stiffness matoxtive k & kst matrices. Thek
matrix is square and consists of the matrix elemeatresponding to both the unknown nodal
displacements and known nodal forces. In this amg the unknown nodal displacements are
the translational displacements and rotationsl aif &he non-support nodes plus the rotations at

the support nodes (nodes on the end diaphragnts .translational displacements at each
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support are zero and are known. The known nodeé$oare all of the forces and moments at
the non-support nodes and the moments at the suppaes. Thedmatrix consists of the
matrix elements corresponding to both the unknoaaehdisplacements and unknown nodal
forces. The unknown nodal forces consists ofalvertical forces at the support nodes.

4.3.4Creating ki Matrix

The Gauss-Jordan Elimination method is used tbtfie k™ matrix. To facilitate this
method the program creates an identity matrix aedhalf band-widthkmatrix. The identity
matrix is the same size as therkatrix and its elements are all 0’s except fordlzgonal, which
are 1's. The kmatrix is symmetric, thus, to save memory, onll bhit, the half band-width
matrix, is used to solve for th@"kmatrix. This half band-width and identity mateixe
manipulated using the Gauss-Jordan Elimination atktb find the k'* matrix. This inverse

matrix is displayed in the Kff*-1 sheet.

4.3.5Finding the Displacements at each Node

The unknown nodal displacements caused by botth ldea and each live load
combination are found. These displacements amdfby multiplying the k* matrix by the ‘P
loads, discussed in section 4.2.2.5.

4.3.6Finding the Reactions at each Support

Next, the reaction at each support due to the tmbland each live load combination are
found. They are found by multiplying the knatrix by the displacements found in the previous
section then adding the fixed-end forces correspgnit the Rvector, discussed in section
4.2.2.5.

4.3.7Determining Governing Live Load at each Support

BRIDGE cycles through the reaction caused by eaati tombination at every support
and identifies the largest live load reaction athesupport. This load contributes to the
governing rating factor for that support.
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4.3.8Calculating the Impact Factor

The load length from Figure 4-7 is used in Equagedto find the impact factor used in
Equation 2-2.
4.3.9Determining Capacity of the Girders

As shown in Equation 2-2, the capacity of eachagiat its supports is necessary to
determine the rating factor of the bridge. Tworapghes were considered for determining the
capacity of the girders. The first approach assutiat just reactions caused by the live and
dead loads act on the crack while the second apprassumes that a frictional force at the

concrete girder-to-steel pad interface also acthercrack.

4.3.9.1Dead & Live Load Approach
The ‘Dead & Live Load’ approach assumes that onéyreaction at the girder supports
caused by live and dead load act on the crack éac#lustrated in Figure 4-21.

SLAB
Rcos6 %H
/ BEAM
Rsi& ;
?Q———CRACK
N

SUPPORT
Figure 4-21: Forces on Crack for the ‘Dead & Livaald Approach’

As shown in Figure 4-21, the driving force (RBiand clamping force (Rcésare
components of the dead & live load reaction atstingport of the girder (R) and are dependent
upon the angle the crack makes with the bottorh@bieam in the direction of the suppért,

The driving force causes the crack to propagatéevthe clamping force holds the faces of the
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crack together, thus resisting propagation andritiuting to the capacity of the shear crack.
With this assumption, Equation 2-2 is rewritterEamiation 4-24.

RF — Capacity — A;Rpy, sin©
~ A,R[.sin®(1+1L)

Equation 4-24

Where:

0 = Angle between crack and bottom of beam in ¢imacof support
Ro. = Reaction at support caused by dead loads (kips)

RiL = Reaction at support caused by live loads (kips)

Four methods were investigated to determine thaagpof the beam using the Dead &
Live Load Approach.

4.3.9.1.1 Method #1

The capacity used in ‘Method #1’ assumes that thekcextends through the entire
height and width of the girder web and that theasltapacity of the slab is neglected as
insignificant. These are very conservative assionptbecause, in reality, the cracks do not
necessarily extend through the entire web heigtitthe slab does contribute to the shear
capacity of the girder. If the crack does not edtthrough the entire web of the girder then the
un-cracked portion of the girder will provide ma@&pacity than if that portion were cracked.
This method also assumes that the entire widthefateb contributes to the shear capacity of the
girder. This is a slightly un-conservative apptoas spalling of the cover concrete could exist
in actual beams. However, the earlier conservatsgeimptions outweighed the un-conservative
nature of this assumption.

From these assumptions, the capacity of the beaaldslated as the minimum of
Equation 2-10 and Equation 4-25. Equation 4-26eésshear resistance caused by friction
between the two faces of the crack, which is ationof the clamping force and the cracked-
concrete-to-cracked-concrete coefficient of frintipe. Equation 2-10 acts as an upper limit to
Equation 4-25. The governing equation is then usé&thuation 2-4 to determine the capacity,
Vh, used in Equation 4-24.
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V, = uc(RpL4+1L) cos O Equation 4-25

At this point in the program development, is waslaar whai.c to use, so a value of 1.2
was used, as it is within the range of researcladgbg. Thigic used was later changed, as
discussed in section 4.3.9.3. As explained, thekcis assumed to propagate to either the end of
the beam or to the bottom of the slab (throughhtsight of the web), as described in Figure
4-22.

"-\{ SLAB
\
"'1_.'\' :-:::'\-\...____
\ \ GIRDER
N \‘x\ \
\ CRACK PROPAGATES THROUGH SLAB
k)

SUPPORT  'CRACK PROPAGATING TO GIRDER EDGE
Figure 4-22: Crack Propagation to Either Top obSlaEdge of Girder

4.3.9.1.2 Method #2

The capacity determined from Method #2 is the saghat obtained from Method #1
except the crack is assumed to extend throughehpthaf the slab if the crack propagates to the
slab. Thus, the thickness of the slab also canibto the shear capacity of the girder. The
tributary width of the slab is assumed to not dbate to the shear capacity.

4.3.9.1.3 Method #3

Method #3 accounts for the shear capacity of tale, sikke Method #2, but also accounts
for the effects of the un-cracked portion of theelgr. Equation 2-10 and Equation 4-25 from
Method #1 are modified by adding the un-crackedcayp, based on Equation 2-11, to form

Equation 4-26. Since the un-cracked capacitypmsiered, the cracked capacity portions of
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Equation 4-26 are reduced to account for only Heascapacity provided by the cracked portion
of the girder. This is done by reducing the crackeea, A, in Equation 2-10 (still assuming

that the clear cover concrete contributes to tipaci#y of the beam) and by multiplying

Equation 4-25 by the cracked length-to-total praiaa length ratio, ¢L. The total

propagation length, L, is the length of the crddkdlid extend through the beam, either to the
top of the slab, or to the edge of the girder, iartitie cracked length,cLplus and un-cracked
length, L., shown in Figure 4-23. When the crack propagatéise bottom of the slab it is
assumed that the crack propagates all the wayettothof the slab, which is a conservative
assumption and is necessary because it is impedsiba bridge inspector to know how far
through the slab the crack propagates. When ek @ropagates to the bottom of the slab or to
the edge of the girder the un-cracked lengt, &nd un-cracked capacity are both ‘0’ and
Method #3 is the same as Method #2.

L
— e(RpLsLL) cos 0 + uncracked capacity

s L . i
Va = min 0.2f!A.r + uncracked capacity Equation 4-26

0.8A. + uncracked capacity

N
LUR SLAB
h. - < ;_____}
girder h“ ob \A BEAM -
h | CRACK %(}
\
PIN SUPPORT
L,

X
Figure 4-23: Parameters used to Determine Craclgthen
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Where:
Acr =

Lc =
un-cracked capacity

Auc =

Luc =
L =

4.3.9.1.4 Method #4

Area of crack (ir)

wlc

Length of crack (in.), Figure 4-23

~EiAyc (Kips)

Area of un-cracked section @n.

L uc

Length of un-cracked section (in.), Figure34-2
Lc + Luc (in.)

In Method #4, Equation 4-26 is modified so the ciyeequation dependent upon the

reaction is no longer influenced by the un-crackaplacity equation and is instead reliant upon

the average coefficient of friction of the crackged,and un-crackedi, sections depending

upon the cracked length. This modification is shawEquation 4-27. Like with the previous

methodsuc is taken as 1.2uyc is taken as 1.6. The un-cracked coefficient,dally, should be

larger than the cracked coefficient, and this agdion is reasonable considering the cracked-

concrete coefficients of friction discussed in ggtR.2.2. All other assumption made for
Method #3 are applied to Method #4.

I"l‘CLC + IvlucLuc

V, = min

0.2f:A. + uncracked capacity

(RDL + RLL) cos 0
Equation 4-27

0.8A; + uncracked capacity

Where:

Huc

4.3.9.2Friction Load Approach

un-cracked concrete coefficient of friction
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The ‘Friction’ approach assumes that the frictiorcé between the girder and bearing
pad is significant and actually causes the cragkdpagate in the reverse diagonal direction. In
this approach the dead and live load reactionnR faction force, F, act at the crack interface,
as shown in Figure 4-24. Corrosion of the beapiad and rocker prevents the end of the girders
from rotating, leading to the friction force, whiaras not considered in the design of the girders.
As the girder is loaded it will deflect downward iain creates tension in the bottom of the girder.
This causes the girder, at the supports, to tsfitie further away from the center of the girder.
This movement, however, is prevented by the frictmrce at the beam-to-pad interface. The
friction force in the girder, thus, acts toward temter of the girder, as shown in Figure 4-24.
The crack-driving force component of the two forcd®wn parallel to the crack in Figure 4-24,
act against each other while the crack-clampingg®rshown perpendicular to the crack in
Figure 4-24, are additive. The driving and clanggiorces are shown as Equation 4-28 and
Equation 4-29.

\ i Rcos®
CRACKfi-/’\\ ~”Fsing
N |
- P
BEAM P
B 0\ Fcos®
; \
\
Z N
PAD

Figure 4-24: Reaction and Friction Forces Actingloe Reverse Diagonal Crack According to
the ‘Friction Load Approach’

Driving Force = Rsin® — Fcos 9 Equation 4-28
Clamping Force = Rcos 0 + Fsin 6 Equation 4-29
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4.3.9.2.1 ABAQUS Study

A parametric study using ABAQUS was conducted $b tiee validity of the Friction
Load Approach. Various girder models were creat#hd varying geometric and loading
parameters to investigate the reaction-to-fricfamee relationship at the beam-to-bearing pad
interface.

4.3.9.2.1.1Parameters

Various T-shape girders were created in ABAQUSe Web width, k, web width-to-
height ratio, l/h, slab (flange) thicknesss tand beam length-to-girder height ratio, L/h, were
varied in each model. These parameters are despliayFigure 4-25. Also displayed in the
figure is how the effective flange width is caldeld. The slab extends past the girder web a
distance equal to the girder web height ¢heim either side of the web, forming a 45° angléhwi
the bottom of the girder web, as shown in Figu254-Table 4-6 displays the variations for each
parameter. One variation was changed while albthers were held constant until a model was

created for every possible combination.

Figure 4-25: Parameters Varied in the ABAQUS Models

Table 4-6: ABAQUS Parameter Variation

Variable .

. Variation:
Parameter:
bw (in.) 12 15 18
bw/h 0.4 0.5 0.6
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hs (in.) 6 8 10
L/h 7 12 17

4.3.9.2.1.2Model Creation

The following sections discuss the ABAQUS inputpedies which were consistent for

every model.
4.3.9.2.1.2.1 Parts

Three ‘Parts’ are created within ABAQUS: 1 beam amqmhds. They are deformable
have a solid shape, and are an ‘extrusion’ typeth Beam and pad parts have a dependent
instance type and the pads are placed on the batttine beam web, one on either end of the
beam length. The ‘pad’ parts are 1 in. thick, 9amg, and have the same width as the beam
web. The ‘beam’ part follows the dimension parargetinique to each model, as discussed in
section 4.3.9.2.1.1.

4.3.9.2.1.2.2 Properties

The beam sections consist of solid and homogensmugete. The concrete is
mechanical, elastic, and isotropic, has 0 fieldaldes, a long-term moduli time scale, and a
Poisson’s ratio of 0.2. A Young's modulus, E, gf2&2,019 psi is used. This modulus is
calculated using Equation 4-22 and assuming a cesspe strength,d’ of 3000 psi. The pad
sections consist of solid and homogeneous stdet. steel is mechanical, elastic, and isotropic
with O field variables, a long-term moduli time kga Poisson’s ratio of 0.3, and a Young'’s
modulus of 29,000,000 psi.

4.3.9.2.1.2.3 Step
A ‘step’ is created of the ‘General; Static, Getidgge. Everything else is kept as

default.

4.3.9.2.1.2.4 Interaction
Two rigid body constraints are created; one fohépad’ part. A reference point is
placed on each ‘pad’ part on a bottom-corner nddleontact type interaction property is then
created. This interaction property is mechanidéh vangential behavior. It is assigned to have
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a penalty friction formulation, isotropic directiality, O field variables, and a coefficient of
friction of 0.57. A surface-to-surface contacta(stard) interaction is created with the top
surface of the pads as the ‘Master’ surfaces amtbdttom face of the beam web as the ‘Slave’
surface. The discretization method for this int&om is ‘surface to surface’.

4.39.2.1.2.5 Load

A boundary condition is assigned to the refereramatmn each ‘pad’ part. The boundary
conditions are mechanical with a ‘Symmetry/Antisyetrg/Encastre: ENCASTRE
(U1=U2=U3=UR1=UR2=UR3=0) type. Next, a uniforndystributed pressure type mechanical
load is applied to the top surface of the beam @labge) with a ramp amplitude.

The HS20 truck is used to estimate the loadingherbeams. It is assumed that an entire
line of wheel-loads acts on the girder. This issmrvative because a wheel-load is typically
distributed to multiple girders. It is also assudntieat, if the beam is long enough, wheel-loads
from multiple trucks are placed on the bridge. shewn in Figure 4-26, a wheel-load of 16 kips
(half of the 32 kip axle load) is placed on thentignd of the beam. The HS20 truck’s middle
wheel-load of 16 kips is placed 14 ft. away while truck’s front wheel-load of 4 kips is placed
14 ft. away from the middle wheel-load. A 6 ft.flew region is assumed to separate two trucks,
after which another truck’s rear wheel-load is ptac This process continues until no more

wheel-loads can fit within the beam span.

16 kips 4 kips 16 kips 16 kips
I 6" 14" 14!

/
Girder Web~”

~Bearing Pad
Figure 4-26: Loading on the ABAQUS Model Girders

These truck loads are then applied as a pressadetd the ‘beam’ part using Equation
4-30. This applied pressure on the beam is display Figure 4-27.
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Y. Truck wheel loads (lbs.)
Length (in.) X Effective Flange Width(in.)

Pressure (psi) = Equation 4-30

Figure 4-27: Uniformly Distributed Pressure LoadABAQUS Beams

4.3.9.2.1.2.6 Mesh

To facilitate ABAQUS's finite element analysis, tipad’ and ‘beam’ parts are divided
into a mesh. The program gives the option to @\pdrts into either rectangular or tetrahedral
meshes. Generally, the rectangular mesh out pesftetrahedral meshes, but tetrahedral
meshes are more versatile and better suited fyyutar shapes. The ‘pad’ and ‘beam’ parts are
both uniform regular shapes, thus they are diviggdg a rectangular mesh.

The focus of these models is to analyze the faatése beam-to-pad interface. Thus, a
smaller mesh was used near this interface to yiglce accurate results in the region. The mesh
in the interior span of the ‘beam’ part is lardeaut at the supports, as shown in Figure 4-28.
This larger size mesh in ‘non-critical’ areas & tteam allows ABAQUS to analyze the models
faster. The rectangular mesh at the supports arex33 in. x 3 in. cubes while in the middle
span, the prisms are 3in. x 3in. x 6 in. Thespa@ divided into 3 in. x 3 in. x 1 in. prismso T
facilitate the differently sized rectangular mestiee ‘beam’ part is partitioned into 12 sections,
as shown in Figure 4-27. The geometric order efrtiesh is quadratic while the element library

is standard. Every other setting is set to thaulef/alues.
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Figure 4-28: ABAQUS Model Mesh

4.3.9.2.1.3Mlodel Output and Program Incorporation

After a model is analyzed the normal and sheaefne the beam at the beam-to-bearing
pad interface are found. The results of these msate discussed further in section 5.3.3. From
the results, shear-to-normal force ratios, S/Neweund for each parametric variation. These
ratios are displayed in the Tables sheet, as shoWwigure 4-29. BRIDGE uses the girder
length, L, girder height, h, slab thickness,and girder web width,.of the user-defined girders
to interpolate within the tables in Figure 4-29ital the S/N ratio corresponding to the girders in
the program. This S/N ratio is the predicted rafithe friction force to normal force between
the girder and bearing pad. If the interpolatiegids a ratio larger than 0.57 then the program
will limit the coefficient of friction to 0.57, athis is the theoretical point at which the girder
starts slipping on the pad, which does not occlihe program then finds the friction (shear)
force due to live load, dead load, and combined| @eal live load at each girder support by
multiplying the S/N ratio by the reaction at thgoport caused by live load, dead load, and

combined dead and live load, respectively, as shovidguation 4-31 through Equation 4-35.
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bw: 12
Lk 7 L 12
b 6 8 10 LB 6 8 10
b, /h: b, /h:
0.4 14.9%| 15.1%| 151% 0.4 46.9%| 47.4%| 48.0%)
0.5 14.5%| 14.6%| 14.7% 0.5 42 8%| 43.5%| 44.0%)
0.6 7.4% 7.5% 7.5% 0.6 42 7%| 43.6%| 43.9%)
bw: 15
Lk 7 L 12
b 6 8 10 LB 6 8 10
b, /h: b, /h:
0.4 12.9%| 12.9%| 13.0% 0.4 53.4%| 53.6%| 54.2%
0.5 12.6%| 12.7%| 12.8% 0.5 40.3%| 40.7%| 41.2%)
0.6 123%| 124%| 12.5% 0.6 36.7%| 37.2%| 37.7%
bw: 18
Lk 7 L 12
b 6 8 10 B, 6 8 10
b,/h: b,./h:
0.4 11.4%| 11.3%| 11.3% 0.4 47 4% 47.2%| 47.4%
0.5 11.2%| 11.2%| 11.2% 0.5 47.6%| 47.7%| 48.2%)
0.6 11.0%| 11.0%| 11.1% 0.6 354%| 35.8%| 36.2%|

Figure 4-29: Shear-to-Normal Force Ratio Tables

S :

F = N X Ry Equation 4-31
S :

Fp, = N X Rpp, Equation 4-32

FipipL = R RiiipL Equation 4-33

BRIDGE then divides the friction and reaction faa@ each support caused by the total
live and dead loads by the area of the girder-taribg pad interface to obtain the stresses at this
location. The program arbitrarily uses an area®in2. All the forces in the analysis are
divided by the same area to find stresses, thuadtual magnitude of the area is
inconsequential. The R/Area and F/Area stressss,andtxy, respectively, whiley is 0 at the
interface. The method outlined in section 2.hentused to find the maximum shear stress,
and the angle of rotation to the plane of maximhwess stresg)s, for each support. Thik is
the calculated crack propagatiénffom Figure 4-24) and is the same at every gistgport for
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a user-defined bridge. This is because, in thgrara, the geometry of every girder is the same,
therefore, every S/N ratio is the same. This leaddenticalds at every girder even if the
reactions are dissimilar. The user, in the SedBenmetry and Material Properties sheet, has the
option to use this calculated angle or a manuaitgmed crack angle. The chosen angle, along
with the friction force calculated in Equation 4;2&hd the reaction force calculated within
BRIDGE are used in Equation 4-28 and Equation 4e2thd the clamping and driving forces on
the crack at each girder support. These forcethareused to find the rating factor for each

girder support, which is described by Equation 4-34

B [Capacity w/o Clamping Force + uC(ClampingDHLL)] — A, Drivingp,

RF A, Drivingiin Equation 4-34
Where:
U = Concrete-to-concrete coefficient of friction
= 14
Clamping+LL = Co9RpL+LL + SirBFpL+LL
DrivingpL = SiNRpL - COHFpL
DrivingpL+iL = Sin(1+)RL — co®(1+1)FL
I = Impact Load, Equation 2-3
0 = Angle of crack propagation chosen by user

4.3.9.2.1.3.1 Capacity without Clamping Force
Four methods were considered when calculatinghibarscapacity of the girders without
clamping force. The shear capacity is describeBdpyation 2-4 where Ms described by one of

the four methods below.

4.3.9.2.1.3.1.BMCFT

The SMCFT Equation 2-12, described in section 21lwhs considered and ultimately
used in BRIDGE to find the capacity of the girdefis method was chosen because it is
consistent with AASHTO shear design specificatiand it produces the most conservative
rating factor, as shown in section 5.3.6. In additnany studies have proven the accuracy and

92



validity of the SMCFT, unlike other approaches,exsally the Muttoni and Ruiz (2008)

equation.

4.3.9.2.1.3.1.ACI Plain Concrete Equation

Equation 2-11 was considered to describe the stagracity of the girder at the support.
This equation seemed valid because there is nbtetesversing the crack, therefore only
concrete resists shearing in the girders. Howeherapproach was ultimately not used because
this equation assumes that the shear plane isakatawhich is untrue in the girders analyzed
by the program.

4.3.9.2.1.3.1.3uttoni & Ruiz Equation

The Muttoni & Ruiz method outlined in the sectiod.2.1 was considered. However,
the simplified Equation 2-19 is not applicableh@stproject and is modified using other
assumptions. This project is conducted using Lgtgie For the LF method, AASHTO (2002)
specifies 0.85 foh. andds. The aggregate diameter size was changed te Ihisis closer to
the size of aggregate used in most of the bridgpsreencing reverse diagonal cracking and
because it yields a more conservative shear streraie. Es was changed to 29,000 ksi and the
fy was changed to 33 ksi. MBE (2011) Article 6B.8.ecommends using this yield stress for
reinforcing steel in bridges which were made pt1954, and in which the steel strength is
unknown, as is the case with all of the bridgedyaea by this program. Muttoni & Ruiz (2008)
explain thatmed/mrd can be set to 1 as a conservative value. Witretadgisted assumptions,

Equation 2-19 becomes Equation 4-35:

vV, = M Equation 4-35
Y 1+40.0298d

4.3.9.2.1.3.1.AASHTO Equation
Equation 2-7 from section 2.1.4.1 was consideredbee it is a well-known and widely
used equation for finding the shear capacity oéanl. However, as shown in section 5.3.6, this

equation is less conservative than all the otheéhaus and was not used.
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4.3.9.3Coefficient of Friction of Cracked Concrete

The various values for the coefficient of frictitor cracked concrete-to-cracked
concretey, are detailed in section 2.2.2. Originally it weieved that ACI's recommendation
of 1.4 was too high because this value assumes skirforcement is traversing the crack.
Reinforcing steel, however, does not traverse ¢lerse diagonal cracks in the girders analyzed
by BRIDGE. Reinforcing tension steel may or maytnaverse the crack, however it is assumed
to not contribute to shear capacity, which is aseovative, and likely accurate, assumption. It
was also reasoned that PCA’s 0.8 was too low beddwss describes the coefficient of friction of
concrete between smooth faces, not rough crackerefore, a conservative value of 1 or 1.2
was deemed reasonable..

Equation 2-24 and Equation 2-27, developed by L{A898) and Tassios & Vintzeleou
(1987), respectively, were considered. These apsare dependent upon the clamping force
on the crack and, thus, to the reaction at theegisdpport. Since the reaction varies depending
upon the truck loads analyzed, fhecalculated by these equations varies with trueklilog. It
was seen that thege values were very large under some circumstanagsvare thus un-
conservative. Since it was desired tlighe a constant material property Equation 2-24 and
Equation 2-27 were no longer considered.

Upon further analysis, it was seen that, for thd ¥&lue, it is assumed that tension
forces develop in the steel traversing the cracichvim turn causes compressive forces in the
concrete surrounding the steel at the crack interfal his creates a clamping force between the
two faces of the crack, as described in sectiod2. 2. Since the cracked faces are still being
clamped together, as explained in section 4.3tBi8.c value of 1.4 is still applicable and is

used in Equation 4-34 to find the rating factotisd bridge.
4.3.10Calculating the Rating Factor at each Support

The rating factor calculations for the capacity moek considered above was discussed in
section 4.3.9.
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Chapter 5 Analysis & Results

5.1 Support Reactions: BRIDGE vs. RISA 3D

It is desired to test the accuracy of BRIDGE's uldted live load reactions at the support
of each girder. Eighteen program and RISA 3D medeare created with the various
combinations of parameters shown in Table 5-1. réh@inder of the bridge parameters,
displayed in Table 5-2 and Appendix C, are vargwlomly within reasonable and realistic
bounds. This was to obtain a wide variety of beidgversity for the support reaction
comparison. At the time of this analysis, the diead of the bridge was not calculated, the
program did not calculate both the inventory andrapng levels simultaneously, and the user
specified the location of each truck in its respectane with ‘South’ referring to the position in
the lane closest to the ‘bottom-most’ girder. Nohéhese changes affected the calculations of
the live load reaction at the supports. Figuredsplays the RISA model for Comparison #1
with the truck wheel-loads distributed to each eunding girder and diaphragm using the ‘Rigid
Beam Analysis within the Panel’ discussed in seci®.2.3, which is the method used by
BRIDGE to distribute wheel-loads. Both the programd RISA 3D models were ran and the
results for Comparison #1 are displayed in Tab8 She ‘BRIDGE input’ and ‘results’ tables
for the other 17 Comparisons are displayed in Adpe@. As shown in the ‘results’ tables, the
live load reaction calculated by BRIDGE and RISA &@ extremely close. There is usually not
more than 0.3% error between the results. Whangat error exists between the two models, it
is usually at supports with very small reactioiiwus, even very small differences result in
larger percent errors. From these comparisorssgen that the program calculates the live load
reactions with high accuracy, indicating that th#ress matrix creation and manipulation

within the program is accurate.

Table 5-1: BRIDGE vs. RISA 3D Model Parameter Viawias

Parameter Variations:
# of Lanes: 2 4
# of Girders: 3 4 5
Diaphragm Configuration: 4 Real 4 Real, 3 Virtual 3 Real, 4 Virtual
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Table 5-2: Support Reaction Comparison #1: BRIDGjiut
LOADING:
Truck #1: Truck #2:
Truck Type: Type T170 Unit Type T130 Unit
Lane #: 1 2
Direction of Travel: Up-station Down-station
Truck Location: Entering Bridge Exiting Bridge
Position in Lane: South Edge North Edge
Analysis Level: Inventory Inventory
LANE ALIGNMENT: SECTION GEOMETRY:
# of Lan.es: 2 Girders H(?ight _(in.): 60
Lane Width (ft.): 11 Width (in.): 18
Cantilever Width (ft.): 0.083333| Exterior Height (in.): 24
Ext. Shid. Width (ft.): 3 Diaphragms | width (in.): 18
Ext. Barrier Width (in.): 11 Interior Height (in.): 12
Median Shid. Width (ft.): 0 Diaphragms | width (in.): 8
Median Barrier Width (in.): 0 Slab Thickness (in.): 6
RIDGE MESH:
# of Girders: 3 # of Interior Diaphragms: 1
Length of Girders (ft.): 60 # of Virtual Diaphragms 4
Tot. # of Diaphragms: 7 Diaphragm Length (ft.): 36
MATERIAL PROPERTIES: Concrete Strength (psi) 4000

Table 5-3: Support Reaction Comparison #1: Results

Reactions at Supporting Nodes: Program vs RISA
Node: Program (k) RISA (k) % Difference:
1 87.595 87.721 -0.1434%
2 122.985 122.735 0.2039%
3 64.621 64.746 -0.1923%
19 73.373 73.457 -0.1149%
20 101.957 101.786 0.1676%
21 55.469 55.555 -0.1550%
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Figure 5-1: Support Reaction Comparison #1: RISA\EQel

5.2 Capacity: Dead & Live Load Approach
The program was used to analyze the capacity anudtiregy rating factor of girders using
the Dead & Live Load Approach: Methods #1 through #hese methods produced rating
factors which were either too high, too low, or atege. Thus the Dead & Live Load Approach

for capacity calculations was discarded.

5.3 Capacity: Friction Load Approach

5.3.1ABAQUS Setup Confirmation

The ABAQUS models described in section 4.3.9.2 veerayzed to obtain the normal
and shear forces at the girder-to-bearing padfater One model was selected for initial testing
to ensure the ABAQUS setup yielded accurate resiilte12 — 0.4 — 10 — 1&hodel was
selected where the first number refers to the gindéth (in.), ky, the second number refers to
the web width-to-girder height ratiouth, the third number refers to the height (thicle)ed the
slab (in.), i, and the fourth number refers to the L/h ratitve Bubsequent tables, figures, and

discussion follow this nomenclature. Figure 5-8 &igure 5-3 display the normal and shear
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force distribution, respectively, in the girdettla¢ girder-to-bearing pad interface fdodel 12 —
0.4 — 10 — 12 The left edge of the pads represent the oufawkeof the pad and girder while the
right edge of the pads represent the inside fatleeopad which is oriented toward the center of
the girder. In Figure 5-2, the numbers and liresva the pad midpoint surface represent
compressive forces at the interface while the nusmaed lines below the midpoint surface
represent tensile forces. In Figure 5-3, the nusmbad lines above the pad midpoint surface
represent shear forces in the girder acting towrsedenter of the girder while the number and
lines below the midpoint surface represent sheaefin the girder acting toward the girder
ends. These results show that, at the ends djittier, the bottom of the girder ‘lifts’ off the ga
causing the girder and bearing pad to lose costaob forces are transferred in this area,
leaving the majority of force transfer to take @axt the girder-to-bearing pad interface closest
to the midpoint of the girder. The uniform loadtbrs girder is 1.92308 psi or 36 kips total. If
the load is split evenly between the bearing padsither end of the girder then the total normal
force at one bearing pad should equal 18 kipsurEi§-2 shows that the ABAQUS model
predicts a total normal force of 18.0008 kips oe pad, which is within .039% of the theoretical

value.

9,821 Ib
9420 _—

\ Pad |
|

1,233 |b

Figure 5-2: Normal Force Distribution in the Girdgrthe Girder-to-Bearing Pad Interface for
Model 12-0.4-10-12
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4519 . 4713 b

| Pad

592 |b
Figure 5-3: Shear Force Distribution in the Girdethe Girder-to-Bearing Pad Interface for
Model 12-0.4-10-12

The deflection at the midspanibdel 12 — 0.4 — 10 — 1& the bottom face of the web
is 0.105162 in. The girder supports in ABAQUS imr@deled to act as a partially fixed support.
Thus, the midspan deflection should lie somewhete/éen the values obtained from Equation
5-1 and Equation 5-2, which describe the theoreti@ximum deflection for a beam with fully
fixed supports and fully pinned supports, respetyivAr equals 0.023156 in. whiler equals
0.115779 in., thus, the measured deflection liéwéen these extreme values. Based on these
deflection results and the normal force at the sugpit is deemed that the ABAQUS setup is

accurate and that the models should generate aecata.
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w4

Ap = 384(57000\/f_c’)(1) = 0.028429 in. Equation 5-1
Ap= Swl’ = 0.142147 in. Equation 5-2
384(57000,/f) (D)
Where:
Ar = Displacement @ midspan for fixed girder supp@rtg, 0.0232 in.
Ap = Displacement @ midspan for pinned girder sugp@nt), 0.116 in.
w = Uniform linear load on girder (psi), 100 /i
L = Length of girder (clear span between beariads) (in.), 342 in.
I = Moment of inertia of girder (if), 49280.7 irf:
fe = Concrete strength (psi), 3000 psi

5.3.2Girder Length vs S/N ratio

The girder length-to-height ratio (L/h) was recamd as the most crucial parameter
varied in the ABAQUS models, so its effect on thea-to-normal force ratio (S/N) at the
girder-to-bearing pad interface was investigatest.fiTwo parameter combinations from Table
4-6 were selectedlodel 12 - 0.4 - 6 - landModel 18 - 0.4 - 6 - L ABAQUS models for these
two parameter combinations were created for varidsgatios ranging from 7 to 17 and the
resulting S/N (%) ratios are shown in Table 5-4 shown, the S/N ratio increases for
increasing L/h ratios until the S/N ratio reacheés/q57%), at which point the S/N ratio remains
constant. 0.57 is the coefficient of friction laetgirder-to-bearing pad interface, which is the
limiting value before movement of the girder on bearing pad. It was desired to see if there is
any correlation between the L/h and S/N ratioghsovalues in Table 5-4 were plotted in Figure
5-4 and Figure 5-5 faviodel 12 — 0.4 — 6 — BndModel 18 — 0.4 — 6 — tespectively. The L/h
ratios corresponding to an S/N ratio of 0.57 werduweled. A line of best fit was created for
each graph and the coefficient of determinatiohwas calculated for the lines. ThéWRilues
for Model 12 — 0.4 — 6 — BndModel 18 — 0.4 — 6 — hre 0.9789 and 0.9752 respectively, as
shown in Figure 5-4 and Figure 5-5. This indicadbed the L/h-to-S/N relationship can
accurately be approximated as a linear functioner&fore, throughout the remainder of the

parametric analysis, only L/h values of 7 and 12ewnaodeled. It is assumed that the S/N
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relationship between these two values is lineait antS/N ratio of 0.57 is reached, at which

point the S/N ratio is constant for every incregdivh ratio.

Table 5-4: S/N Ratios at Bearing Pad for Various RAtios for ABAQUS Models 12-0.4-6-L &

18-0.4-6-L

L/h S/N ratio (%)
ratio | 12-04-6-1/18-04-6-L
7 14.9 11.4
8 19.5 16.3
9 27 20.4
10 30.1 34
11 36.2 40.4
12 46.9 47.4
13 54.4 57
14 57 57
17 57 57

Model 12-0.4-6-L

[e))
o

50

40

30

20

%S/N at Girder/Pad Interface

0 2 4 6 8 10 12 14

L/h of Girder

Figure 5-4: L/h Ratio vs. S/N Ratio for Model 12H®&-L
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Figure 5-5: L/h Ratio vs. S/N Ratio for Model 18H&-L

5.3.3S/N Relationships

Every combination of parameters in Table 4-6, ektdp= 17, was modeled in
ABAQUS and the shear and normal forces in the giati¢he girder-to-bearing pad interface
were recorded at one of the supports. The formesdch model are shown in Appendix D.
Table 5-6 through Table 5-11 display the resul&ly ratio for every combination. These tables
are color-coded and labeled per Table 5-5 basedeototal load applied to the model. As
discussed previously, the amount of load applieg goder is dependent upon the length of the

girder.

Table 5-5: Load on Corresponding ABAQUS ModelsSaswn in Table 5-6 through Table 5-11
Load on Beam
(kips):

116
232
336
452
°68
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Table 5-6: S/N Ratio Tables for ABAQUS Models with= 12" & L/h =7

hs

6 8 10
bw/h:
0.4 14.99%" | 15.19 | 15.19%
0.5 14.59% | 14.6% | 14.7%
0.6 7.4% 7.59¢ 7.59¢

Table 5-7: S/N Ratio Tables for ABAQUS Models with= 12" & L/h =12

h 6 8 10
buw/h:
0.4 46.99% | 47.496° | 48.09%
0.5 42.89% | 43.59% | 44.0%
0.6 42.79% | 43.698 | 43.9%

Table 5-8: S/N Ratio Tables for ABAQUS Models with= 15" & L/h =7

hs

6 8 10
bw/h:
0.4 12.99% | 12.9% | 13.0%
0.5 12.69%6 | 12.7% | 12.8%
0.6 12.39%6 | 12.4% | 12.5%

Table 5-9: S/N Ratio Tables for ABAQUS Models with= 15" & L/h =12

hs 6 8 10
bw/h:
0.4 53.4% | 53.69% | 54.29%"
0.5 40.3%" | 40.796 | 41.29%6
0.6 36.79% | 37.29% | 37.7%

Table 5-10: S/N Ratio Tables for ABAQUS Models with= 18" & L/h =7

hs 6 8 10
bw/h:
0.4 11.49% | 11.39%% | 11.3%
0.5 11.298 | 11.298" | 11.29%
0.6 11.09 | 11.09% | 11.1%
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Table 5-11: S/N Ratio Tables for ABAQUS Models with= 18" & L/h = 12

hs 6 8 10
bw/h:
0.4 A7.49% | 47.29% | 47.4%
0.5 47.6% | 47.79% | 48.2%
0.6 35.496 | 35.896 | 36.296"

5.3.4Estimation of Crack Propagation Angle

The principal stressesnax andomin, maximum shearing stressy max and the angle of

the maximum shear plang,were found for seven of the ABAQUS models (mankeith an

asterisk (*) in Table 5-6 through Table 5-11) usihg transformation of stresses method

discussed in section 2.3. These values are disglenyTable 5-12. The maximum shear plane

angle is, theoretically, the plane on which thekrshould propagate. The angles shown in

Table 5-12 are measured clockwise from the bottbtheogirder, as displayed in Figure 2-11,

thus, the magnitude of these angles is the pretatrck propagation angle. All of these models

predict relatively steep angles, which coincidewtite observed steep propagation angles for the

reverse diagonal cracking shown in inspection regplootographs.

Table 5-12: Principal Stresses, Max Shear StressAagle of Maximum Shear Plan for 7
ABAQUS Models.

Model:
12-0.4-6-7| 12-0.6-6-7| 12-0.4-8-12| 15-0.4-10-12 15-0.5-6-12 18-0.5-8-18-0.6-10-12
omax (PSi) 3.24 0.41 31.53 45.68 18.96 1.22 13.04
omin (PSi) -151.39 -74.48 -198.19 -238.28 -152.29 -99.98 -124.15
0s, max (°) -53.32 -49.22 -66.74 -68.65 -64.43 -51.29 -62.96
Txy, max (PSI) 77.31 37.44 114.86 141.98 85.62 50.60 68.59

5.3.5Predicted Crack Propagation Angle vs Actual Propagion Angle

To test how accurately Method #6 predicts the ceaaldle, 7 girder supports were chosen

from Bridge No. 54-104-317.27-(0005). Their locatend geometry properties are displayed in

Table 5-13. Interpolation was performed within [Eab-6 through Table 5-11 for each girder to

determine an estimated interface S/N ratio. Eaclegexceeded the limits in the tables so an

S/N ratio of 0.57 was used for each girder. Thisfiicient, along with a reaction force of 26
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kips at each support, was used to find the frictmne at each support. This friction force is the
same for each girder and is 14.82 kips. These$onere converted into stresses and
transformed to find the predicted crack propagasiogle, which was 69.4° for each girder. The
inspection report photgSpecial Bridge Inspection Report, 2011) were olefor these
supports and an approximate reverse diagonal graglagation angle was determine. These
angles are shown in Table 5-14 and are close tprédicted angle of 69.4°. Thus, it was
determined that Method #6 is accurate for estingdtie crack propagating angle for use in
Equation 4-34.

Table 5-13: Location and Geometry of 7 Girder Sufspfor Bridge No. 54-104-317.27-(0005)

Support #: 1 2 3 4 5 6 7
Span #: 1 1 2 2 2 4 5
Girder #: F F E E F D G
Abutment/Pier #: | P1 P1 P2 P2 P2 P4 P4

bw (in) 15 15 15 15 15 15 15

h (in) 33 33 36 36 36 36 33

hs (in) 6.5 6.5 6.5 6.5 6.5 6.5 6.9
L (in) 510 | 510 | 570 | 570 | 570 | 570 | 510
bw/h 0.45| 0.45| 0.42] 042 042 042 045
L/h 15.45| 15.45| 15.83| 15.83 | 15.83| 15.83| 15.45

Table 5-14: Observed Propagation Angles of Revieragonal Crack for 7 Supports for Bridge
No. 54-104-317-27-(0005)

Support #: 1 2 3 4 5 6 7
Observed Crack Angle | 73.3| 53.4 | 65.6 | 66.8 | 75.1 | 76.8 | 68.6

5.3.6Capacity without Clamping Force

Equation 4-34 requires the capacity of the congyetier section without consideration
of the clamping force. As discussed in section94231.3.1, four equations were considered,;
SMCFT (2006), ACI 318 (2014), Muttoni & Ruiz (2008nd AASHTO (2002). The capacity
of a girder with a web width of 15 in., web heigtitrough the deck) of 41 in., and a concrete
compressive strength of 3000 psi using each ofdheequations are shown in Table 5-15. The

SMCFT method is the most conservative. Since MEKT method is well tested and is known
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as an accurate method for calculating the shearcagmf a beam, it is used in BRIDGE to

calculate the shear capacity of the beam withamping force.

Table 5-15: Capacity of Girder with a Height of 4&'Web Width of 15” using different
Capacity Eqn’s

Capacity Equation: Capacity (kips)

SMCFT (2006) 8.76
ACI 318 (2014) 38.18
Muttoni & Ruiz (2008) 44.18
AASHTO (2002) 51.54

5.4 Analysis of Bridge No. 54-104-15.45

KDOT's Bridge No. 54-104-15.45 displays the revedisgonal shear cracking
phenomenon and is analyzed by BRIDGE to demongdtratprogram’s output and results. This
bridge consists of 5 spans. Span #1 and #5 anéigdk as are spans #2 and #4. The results for
span #1 and #5 are discussed herein. The resuliisef other three spans are similar and are
displayed in Appendix E. Two of each truck arecpthon the bridge, one in each lane on the
same side of the bridge span. Table 5-16 and Thlédisplay the operating and inventory
rating factors and truck ratings, respectively,dach standard truck option available within the
program. The program uses Equation 4-34 and tberitbed procedure to calculate the rating
factors in Table 5-16. Equation 2-1 is used t@xeine the truck ratings shown in Table 5-17.
Each truck was analyzed twice; once assuming theeagirder width provided shear resistance,
and once assuming that the girder end has dettibra the point where only 50% of the girder
width is resisting shear. As shown in Table 5-2@ &able 5-17 the girders contributing 100%
of their girder width have larger shear capacisied thus larger rating factors, as is intuitive.
With few exceptions, the operating RF is largentthavhile the inventory RF is less than 1,
indicating that it is up to the engineer’s judgem&hether to load rate this bridge.
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Table 5-16: Rating Factors for Spans #1 & #5 fé¥5% 100% Girder Width

Rating: Operating Inventory

bwused:| 100% | 50% 100% 50%
H Unit 1.22 1.07 0.73 0.64
T3 1.17 1.04 0.7 0.62
HS 1.11 1.01 0.67 0.6
3S2 1.19 1.06 0.72 0.63
T 3-3 1.25 1.09 0.75 0.65
T-130 1.17 1.05 0.7 0.63
T-170 1.14 1.04 0.68 0.62
HET 1.03 0.97 0.62 0.58
SuU4 1.14 1.03 0.68 0.61
SU5 1.12 1.01 0.67 0.61
SU6 1.11 1.01 0.66 0.6
SU7 1.1 1 0.66 0.6
NRL 1.09 1 0.65 0.6

Table 5-17: Truck Ratings for Spans #1 & #5 for 5%00% Girder Width

Rating: Operating Inventory

bw used:[ 100% | 50% 100% | 50%
H Unit 15.25| 13.375| 9.125 8

Type 3 29.25 26 17.5 15.5
HS 24.975| 22.725| 15.075| 13.5
3S2 42.84 | 38.16 25.92| 22.6B

Type3-3| 50 | 436 30 26
T-130 76.05| 68.25| 455| 40.9p
T-170 969 | 884 | 57.8 | 52.7

HET 113.3| 106.7 68.2 63.8
Su4 30.78 | 27.81 | 18.36 | 16.47
SU5 34.72| 3131 20.77) 18.91
SuU6 38.573| 35.0975| 22.935| 20.85
SuU7 42.625| 38.75 | 25.575] 23.2%
NRL 43.6 40 26 24
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Chapter 6 Conclusions

Dozens of KDOT bridges built in the early-to-midd08 exhibit a phenomenon known as
reverse diagonal shear cracking, shown in Figute li-is a concern that this cracking will
result in a loss of bearing support at the giradwise Thus, it is important to study this
phenomenon to determine the cause of the reveagerml cracking and its effects on the
capacity of the girder.

It is determined in this study that this crackiegaused by unintended frictional forces
acting at the girder-to-bearing pad interface. Ginders are supported on steel bearing pads and
rockers instead of rubber bearing pads, as is camimpew construction. Steel bearing pads
and rockers rust and corrode due to decades ofarpto water and deicing salts. This
corrosion prevents the rocker from rotating, tugine once pinned connection into a partially-
fixed connection. When rotation of the girder isyented a buildup of shear stress at the girder-
to-bearing pad interface occurs caused by the tmotticthe girder’s tendency to expand towards
the ends of the girder when subject to tensiomduttie loading process. This friction force,
coupled with the girder reaction, causes the reveiagonal cracking.

The live and dead load reactions at the suppamgalvith the friction force, act on the
reverse diagonal crack as shown in Figure 4-24es@fiorces cause the crack-driving and crack-
clamping forces as shown. From these forces, kquat34 is developed to calculate the rating
factor of the bridge at the girder supports. Egsation is based on Equation 2-2.

The Simplified Modified Compression Field Theorysed to find the capacity of the
girder ‘without clamping forces’. This method wassen because it results in the most
conservative capacity estimate and it is widelyegbted as a reliable method for finding the
shear capacity of cracked concrete beams.

The BRIDGE program was used to load rate Bridge34e104-15.45 and yielded
reasonable rating factors for varying trucks arthoed girder widths. The operating rating
factors were consistently above 1 while the invgntating factors were below 1, indicating that

the decision to load rate this bridge is basecherengineer’s judgement.
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Appendix A - Truck Types

Table A-1: Truck Axle Loads and Spacings

Truck Axle Load Axle Spacing (ft)
Type Axle # (Kips) Minimum Maximum
1 8 - -
H 20 2 32 14 14
1 16 - -
Type 3 2 17 15 15
3 17 4 4
1 8 - -
HS 20 2 32 14 14
3 32 14 30
1 10 - -
2 15.5 11 11
Type 3S2 3 155 4 4
4 15.5 22 22
5 15.5 4 4
1 12 - -
2 12 15 15
3 12 4 4
Types3 16 15 15
5 14 16 16
6 14 4 4
1 10 - -
2 20 15 15
Type 3 20 4 4
T130 4 20 14 14
5 20 4 4
6 20 30 30
7 20 4 4
1 16 - -
2 18 15 15
3 18 4 4
Type 4 18 4 4
T170 5 20 14 14
6 20 4 4
7 20 30 30
8 20 4 4
9 20 4 4
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Truck Axle Load Axle Spacing (ft)
Type Axle # (Kips) Minimum | Maximum
1 21.48 - -
2 21.35 12.92 12.92
3 21.16 5 5
4 19.23 5 5
HET 5 25.39 15.1 15.1
6 27.84 5.94 5.94
7 26.29 5.94 5.94
8 27.42 5.94 5.94
9 29.75 5.94 5.94
1 12 - -
2 8 10 10
SU4 3 17 4 4
4 17 4 4
1 12 - -
2 8 10 10
SU5 3 8 4 4
4 17 4 4
5 17 4 4
1 11.5 - -
2 8 10 10
3 8 4 4
SUe 4 17 4 4
5 17 4 4
6 8 4 4
1 11.5 - -
2 8 10 10
3 8 4 4
SU7 4 17 4 4
5 17 4 4
6 8 4 4
7 8 4 4
1 6 - -
2 8 6 14
3 8 4 4
4 17 4 4
NRL 5 17 4 4
6 8 4 4
7 8 4 4
8 8 4 4
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Appendix B - Stiffness Matrix

f

e et [ lgezEll
e

2 4 elise

_%S %C'i‘if_[‘gi(% LJS

GI
i (A=l
GEL
_12€l | ¢Bls o C
Lﬂ'. Lt
lz

-6 -%&%ﬁ (&1
| | Ga‘i 4
e T
| |

113

I PUHNEHE™ Y
el s

._gf‘:r & +2_f;§'_(ﬁg f%;]&.

(6T S

I

Figure B-1: Stiffness Matrix as Function Member faxies




Appendix C - Support Reactions: Program vs. RISA

Table C-1: Support Reaction Comparison #2: BRIDGjhut

LOADING:
Truck #1: Truck #2:
Truck Type: H Unit H Unit
Lane #: 1 2
Direction of Travel: Up-station Down-station
Truck Location: Exiting Bridge Entering Bridge
Position in Lane: Center Center
Analysis Level: Inventory Inventory
LANE ALIGNMENT: SECTION GEOMETRY:
# of Lan.es: 2 Girders He_ight .(in.): 48
Lane Width (ft.): 12 Width (in.): 12
Cantilever Width (ft.): 0 Exterior Height (in.): 36
Ext. Shid. Width (ft.): 0 | Diaphragms | width (in.): 12
Ext. Barrier Width (in.): 12 Interior Height (in.): 24
Median Shid. Width (ft.): 0 Diaphragms | width (in.): 12
Median Barrier Width (in.): 0 | Slab Thickness (in.): 8
BRIDGE MESH:
# of Girders: 3 | # of Interior Diaphragms: 2
Length of Girders (ft.): 50 | # of Virtual Diaphragms 3
Tot. # of Diaphragms: 7 | Diaphragm Length (ft.): 24
MATERIAL PROPERTIES: Concrete Strength (psi) 5000

Table C-2: Support Reaction Comparison #2: Results

Reactions at Supporting Nodes: Program vs RISA
Node: Program (k) RISA (k) % Difference:
1 4.871 4.871 -0.0044%
2 4.400 4.4 0.0092%
3 1.709 1.71 -0.0391%
19 12.143 12.261 -0.9665%
20 41.573 41.336 0.5734%
21 15.304 15.423 -0.7718%
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Table C-3: Support Reaction Comparison #3: BRIDGjhut

LOADING:
Truck #1: Truck #2:
Truck Type: Heavy Equip. Trans. H Unit
Lane #: 1 2
Direction of Travel: Up-station Down-station
Truck Location: Exiting Bridge Entering Bridge
Position in Lane: Center North Edge

Analysis Level:

Operating Posting

Operating Posting

LANE ALIGNMENT:

SECTION GEOMETRY:

# of Lanes: 2 . Height (in.): 48
: Girders : -
Lane Width (ft.): 12 Width (in.): S
Cantilever Width (ft.): 1 Exterior Height (in.): 36
Ext. Shid. Width (ft.): 6 Diaphragms | width (in.): 12
Ext. Barrier Width (in.): 17 Interior Height (in.): 24
Median Shid. Width (ft.): 0 | Diaphragms | width (in.): 12
Median Barrier Width (in.): 0 | Slab Thickness (in.): 8
BRIDGE MESH:
# of Girders: 3 | # of Interior Diaphragms: 2
Length of Girders (ft.): 120 | # of Virtual Diaphragms 0
Tot. # of Diaphragms: 4 | Diaphragm Length (ft.): 36
MATERIAL PROPERTIES: Concrete Strength (psi) 4000

Table C-4: Support Reaction Comparison #3: Results

Reactions at Supporting Nodes: Program vs RISA
Node: Program (k) RISA (k) % Difference:
1 33.185 33.179 0.0186%
2 23.097 23.108 -0.0493%
3 10.153 10.147 0.0547%
10 67.873 67.867 0.0084%
11 86.973 86.984 -0.0124%
12 23.920 23.914 0.0240%
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Table C-5: Support Reaction Comparison #4: BRIDGjhut

LOADING:
Truck #1: Truck #2:
Truck Type: H Unit H Unit
Lane #: 1 2
Direction of Travel: Up-station Down-station
Truck Location: Entering Bridge Entering Bridge
Position in Lane: Center Center
Analysis Level: Inventory Inventory
LANE ALIGNMENT: SECTION GEOMETRY:
# of Lan.es: 2 Girders He_ight .(in.): 36
Lane Width (ft.): 12 Width (in.): 18
Cantilever Width (ft.): 2 Exterior Height (in.): 24
Ext. Shid. Width (ft.): 6 Diaphragms | width (in.): 12
Ext. Barrier Width (in.): 12 Interior Height (in.): 18
Median Shid. Width (ft.): 3 | Diaphragms | width (in.): 8
Median Barrier Width (in.): 12| Slab Thickness (in.): 10
BRIDGE MESH:
# of Girders: 4 | # of Interior Diaphragms: 1
Length of Girders (ft.): 25 | # of Virtual Diaphragms 4
Tot. # of Diaphragms: 7 | Diaphragm Length (ft.): 38
MATERIAL PROPERTIES: Concrete Strength (psi) 4000

Table C-6: Support Reaction Comparison #4: Results

Reactions at Supporting Nodes: Program vs RISA
Node: Program (k) RISA (k) % Difference:
1 6.567 6.589 -0.3330%
2 30.591 30.533 0.1884%
3 1.926 1.977 -2.5971%
4 0.917 0.902 1.6364%
25 0.917 0.902 1.6364%
26 1.926 1.977 -2.5971%
27 30.591 30.533 0.1884%
28 6.567 6.589 -0.3330%
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Table C-7: Support Reaction Comparison #5: BRIDGjhut

LOADING:
Truck #1: Truck #2:
Truck Type: Type 3S2 Unit H Unit
Lane #: 1 2
Direction of Travel: Up-station Down-station
Truck Location: Exiting Bridge Entering Bridge
Position in Lane: North Edge South Edge

Analysis Level:

Operating Posting

Operating Posting

LANE ALIGNMENT: SECTION GEOMETRY:
# of Lan.es: 2 Girders H(?ight _(in.): 24
Lane Width (ft.): 12 Width (in.): 6
Cantilever Width (ft.): 2 Exterior Height (in.): 36
Ext. Shid. Width (ft.): 6 Diaphragms | width (in.): 12
Ext. Barrier Width (in.): 12 Interior Height (in.): 24
Median Shid. Width (ft.): 3 | Diaphragms | width (in.): 12
Median Barrier Width (in.): 12 | Slab Thickness (in.): 12
BRIDGE MESH:
# of Girders: 4 | # of Interior Diaphragms: 2
Length of Girders (ft.): 200 | # of Virtual Diaphragms 3
Tot. # of Diaphragms: 7 | Diaphragm Length (ft.): 40
MATERIAL PROPERTIES: Concrete Strength (psi) 5000

Table C-8: Support Reaction Comparison #5: Results

Reactions at Supporting Nodes: Program vs RISA
Node: Program (k) RISA (k) % Difference:
1 3.037 3.035 0.0628%
2 2.297 2.302 -0.2170%
3 2.444 2.439 0.2019%
4 0.590 0.592 -0.2763%
25 14.467 14.469 -0.0152%
26 37.972 37.974 -0.0047%
27 32.636 32.624 0.0373%
28 3.557 3.564 -0.2069%
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Table C-9: Support Reaction Comparison #6: BRIDGjhut

LOADING:
Truck #1: Truck #2:
Truck Type: Type 3S2 Unit H Unit
Lane #: 1 2
Direction of Travel: Up-station Down-station
Truck Location: Exiting Bridge Entering Bridge
Position in Lane: North Edge South Edge

Analysis Level:

Operating Posting

Operating Posting

LANE ALIGNMENT: SECTION GEOMETRY:
# of Lan.es: 2 Girders He_ight .(in.): 36
Lane Width (ft.): 12 Width (in.): 18
Cantilever Width (ft.): 0 Exterior Height (in.): 36
Ext. Shid. Width (ft.): 3 Diaphragms | width (in.): 12
Ext. Barrier Width (in.): 12 Interior Height (in.): 24
Median Shid. Width (ft.): 0 | Diaphragms | width (in.): 12
Median Barrier Width (in.): 0 | Slab Thickness (in.): 8
BRIDGE MESH:
# of Girders: 4 | # of Interior Diaphragms: 2
Length of Girders (ft.): 75| # of Virtual Diaphragms 0
Tot. # of Diaphragms: 4 | Diaphragm Length (ft.): 53
MATERIAL PROPERTIES: Concrete Strength (psi) 4000

Table C-10: Support Reaction Comparison #6: Results

Reactions at Supporting Nodes: Program vs RISA
Node: Program (k) RISA (k) % Difference:
1 18.009 18.034 -0.1412%
4 7.991 7.988 0.0368%
5 34.088 34.027 0.1783%
8 6.507 6.52 -0.1956%
9 17.701 17.745 -0.2501%
12 6.092 6.075 0.2825%
13 5.887 5.878 0.1581%
16 0.726 0.733 -1.0164%
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Table C-11: Support Reaction Comparison #7: BRIDGiut

LOADING:
Truck #1: Truck #2:
Truck Type: Type 3-3 Unit
Lane #: 1
Direction of Travel: Up-station
Truck Location: Exiting Bridge
Position in Lane: Center

Analysis Level:

Operating Posting

LANE ALIGNMENT:

SECTION GEOMETRY:

# of Lanes: 2 . Height (in.): 24
: Girders - :
Lane Width (ft.): 11 Width (in.): 12
Cantilever Width (ft.): 3 Exterior Height (in.): 36
Ext. Shid. Width (ft.): 6 Diaphragms | width (in.): 12
Ext. Barrier Width (in.): 12 Interior Height (in.): 24
Median Shid. Width (ft.): 0 | Diaphragms | width (in.): 6
Median Barrier Width (in.): 0 | Slab Thickness (in.): 12
BRIDGE MESH:
# of Girders: 5 | # of Interior Diaphragms: 1
Length of Girders (ft.): 60 | # of Virtual Diaphragms 4
Tot. # of Diaphragms: 7 | Diaphragm Length (ft.): 28
MATERIAL PROPERTIES: Concrete Strength (psi) 5000

Table C-12: Support Reaction Comparison #7: Results

Reactions at Supporting Nodes: Program vs RISA
Node: Program (k) RISA (k) % Difference:
1 9.695 9.755 -0.6154%
2 14.055 13.943 0.8045%
3 10.591 10.687 -0.9013%
4 6.794 6.698 1.4334%
5 -1.659 -1.608 3.1908%
31 8.890 8.955 -0.7237%
32 16.094 15.955 0.8738%
33 11.023 11.146 -1.1058%
34 5.879 5.789 1.5622%
35 -1.362 -1.322 3.0483%
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Table C-13: Support Reaction Comparison #8: BRID@iut
LOADING:
Truck #1: Truck #2:
Truck Type: HS Unit Type 3 Unit
Lane #: 1 2
Direction of Travel: Up-station Down-station
Truck Location: Exiting Bridge Entering Bridge
Position in Lane: Center Center
Analysis Level: Inventory Inventory
LANE ALIGNMENT: SECTION GEOMETRY:
# of Lan.es: 2 Girders He_ight .(in.): 24
Lane Width (ft.): 12 Width (in.): 8
Cantilever Width (ft.): 1 Exterior Height (in.): 36
Ext. Shid. Width (ft.): 3 Diaphragms | width (in.): 12
Ext. Barrier Width (in.): 8 Interior Height (in.): 24
Median Shid. Width (ft.): 0 | Diaphragms | width (in.): 6
Median Barrier Width (in.): 0 | Slab Thickness (in.): 12
BRIDGE MESH:
# of Girders: 5 | # of Interior Diaphragms: 2
Length of Girders (ft.): 40 | # of Virtual Diaphragms 3
Tot. # of Diaphragms: 7 | Diaphragm Length (ft.): 28
MATERIAL PROPERTIES: Concrete Strength (psi) 4000

Table C-14: Support Reaction Comparison #8: Results

Reactions at Supporting Nodes: Program vs RISA
Node: Program (k) RISA (k) % Difference:
1 8.256 8.325 -0.8242%
2 14.412 14.294 0.8288%
3 12.503 12.555 -0.4154%
4 10.304 10.274 0.2945%
5 3.207 3.235 -0.8564%
31 8.288 8.309 -0.2574%
32 18.231 18.155 0.4169%
33 30.655 30.966 -1.0047%
34 45.879 45.403 1.0494%
35 8.264 8.484 -2.5920%
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Table C-15: Support Reaction Comparison #9: BRID@iut

LOADING:
Truck #1: Truck #2:
Truck Type: Type 3-3 Unit Type 3 Unit
Lane #: 1 2
Direction of Travel: Up-station Down-station
Truck Location: Exiting Bridge Entering Bridge
Position in Lane: North Edge South Edge
Analysis Level: Inventory Inventory
LANE ALIGNMENT: SECTION GEOMETRY:
# of Lan_es: 2 Girders H(?ight _(in.): 30
Lane Width (ft.): 10 Width (in.): 16
Cantilever Width (ft.): 3 Exterior Height (in.): 36
Ext. Shid. Width (ft.): 3 | Diaphragms | wjdth (in.): 12
Ext. Barrier Width (in.): 8 Interior Height (in.): 36
Median Shid. Width (ft.): 2 | Diaphragms | width (in.): 12
Median Barrier Width (in.): 12| Slab Thickness (in.): 12
BRIDGE MESH:
# of Girders: 5 | # of Interior Diaphragms: 2
Length of Girders (ft.): 75| # of Virtual Diaphragms 0
Tot. # of Diaphragms: 4 | Diaphragm Length (ft.): 23.6667
MATERIAL PROPERTIES: Concrete Strength (psi) 4000

Table C-16: Support Reaction Comparison #9: Results

Reactions at Supporting Nodes: Program vs RISA
Node: Program (k) RISA (k) % Difference:
1 21.891 21.827 0.2919%
4 26.221 26.172 0.1866%
5 12.280 12.407 -1.0226%
8 28.609 28.701 -0.3199%
9 12.698 12.74 -0.3309%
12 41.270 41.333 -0.1522%
13 13.681 13.472 1.5486%
16 47.749 47.546 0.4278%
17 1.451 1.555 -6.6917%
20 16.150 16.249 -0.6078%
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Table C-17: Support Reaction Comparison #10: BRIDGHt
LOADING:
Truck #1: Truck #2:
Truck Type: H Unit HS Unit
Lane #: 1 2
Direction of Travel: Up-station Up-station
Truck Location: Entering Bridge Entering Bridge
Position in Lane: North Edge South Edge
Analysis Level: Operating Posting Operating Posting
Truck #3: Truck #4:
Truck Type: Type 3 Unit H Unit
Lane #: 3 4
Direction of Travel: Left Bound Left Bound
Truck Location: Exiting Bridge Exiting Bridge
Position in Lane: South Edge North Edge
Analysis Level: Operating Posting Operating Posting
LANE ALIGNMENT: SECTION GEOMETRY:
# of Lan.es: 4 Girders He.ight Fin.): 48
Lane Width (ft.): 10 Width (in.): 18
Cantilever Width (ft.): 5 Exterior Height (in.): 24
Ext. Shid. Width (ft.): 3 | Diaphragms | width (in.): 12
Ext. Barrier Width (in.): 18 Interior Height (in.): 12
Median Shid. Width (ft.): 0 | Diaphragms | width (in.): 8
Median Barrier Width (in.): 12| Slab Thickness (in.): 4
BRIDGE MESH:
# of Girders: 3 | # of Interior Diaphragms: 1
Length of Girders (ft.): 50 | # of Virtual Diaphragms 4
Tot. # of Diaphragms: 7 | Diaphragm Length (ft.): 37
MATERIAL PROPERTIES: Concrete Strength (psi) 5000
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Table C-18: Support Reaction Comparison #10: Result

Reactions at Supporting Nodes: Program vs RISA

Node: Program (k) RISA (k) % Difference:
1 24.483 24.538 -0.2243%
2 77.988 77.877 0.1421%
3 16.098 16.153 -0.3420%
19 2.309 2.315 -0.2594%
20 19.273 19.26 0.0653%
21 4.850 4.857 -0.1433%
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Table C-19: Support Reaction Comparison #11: BRIDGHt

LOADING:

Truck #1: Truck #2:
Truck Type: Type T170 Unit Heavy Equip. Trans
Lane #: 1 2
Direction of Travel: Up-station Up-station
Truck Location: Entering Bridge Entering Bridge
Position in Lane: Center Center
Analysis Level: Operating Posting Operating Posting

Truck #3: Truck #4:
Truck Type: Type T130 Unit Heavy Equip. Trans
Lane #: 3 4
Direction of Travel: Left Bound Left Bound
Truck Location: Exiting Bridge Exiting Bridge
Position in Lane: Center Center

Analysis Level:

Operating Posting

Operating Posting

LANE ALIGNMENT: SECTION GEOMETRY:
# of Lan'es: 4 Girders He'ight .(in.): 36
Lane Width (ft.): 12 Width (in.): 12
Cantilever Width (ft.): 6 Exterior Height (in.): 24
Ext. Shid. Width (ft.): 6 Diaphragms  \width (in.): 12
Ext. Barrier Width (in.): 8 Interior Height (in.): 18
Median Shid. Width (ft.): 0 | Diaphragms \wjidth (in.): 8
Median Barrier Width (in.): 0 |[Slab Thickness (in.): 10
BRIDGE MESH:
# of Girders: 3 [# of Interior Diaphragms: 2
Length of Girders (ft.): 100f# of Virtual Diaphragms 3
Tot. # of Diaphragms: 7 |Diaphragm Length (ft.): 47.333
MATERIAL PROPERTIES: Concrete Strength (psi) 4000
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Table C-20: Support Reaction Comparison #11: Result

Reactions at Supporting Nodes: Program vs RISA

Node: Program (k) RISA (k) % Difference:
1 114.990 115.043 -0.0464%
2 260.107 260.001 0.0408%
3 119.897 119.95 -0.0443%
19 64.663 64.679 -0.0241%
20 105.991 105.96 0.0294%
12 74.752 74.767 -0.0201%
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Table C-21: Support Reaction Comparison #12: BRIDGHt

LOADING:

Truck #1: Truck #2:
Truck Type: Type T170 Unit Heavy Equip. Trans
Lane #: 1 2
Direction of Travel: Up-station Up-station
Truck Location: Entering Bridge Entering Bridge
Position in Lane: Center Center
Analysis Level: Operating Posting Operating Posting

Truck #3: Truck #4:
Truck Type: Type T130 Unit Heavy Equip. Trans
Lane #: 3 4
Direction of Travel: Left Bound Left Bound
Truck Location: Exiting Bridge Exiting Bridge
Position in Lane: Center Center
Analysis Level: Operating Posting Operating Posting

LANE ALIGNMENT: SECTION GEOMETRY:
# of Lan.es: 4 Girders He.ight Fin.): 36
Lane Width (ft.): 12 Width (in.): 12
Cantilever Width (ft.): 6 Exterior Height (in.): 24
Ext. Shid. Width (ft.): 6 | Diaphragms | width (in.): 12
Ext. Barrier Width (in.): 8 Interior Height (in.): 18
Median Shid. Width (ft.): 0 | Diaphragms | width (in.): 8
Median Barrier Width (in.): 0 | Slab Thickness (in.): 10
BRIDGE MESH:
# of Girders: 3 | # of Interior Diaphragms: 2
Length of Girders (ft.): 100 | # of Virtual Diaphragms 0
Tot. # of Diaphragms: 2 | Diaphragm Length (ft.): 47.333
MATERIAL PROPERTIES: Concrete Strength (psi) 4000
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Table C-22: Support Reaction Comparison #12: Result

Reactions at Supporting Nodes: Program vs RISA

Node: Program (k) RISA (k) % Difference:
1 120.519 120.543 -0.0197%
2 249.081 249.034 0.0188%
3 125.393 125.417 -0.0188%
10 66.528 66.534 -0.0091%
11 102.229 102.215 0.0135%
12 76.650 76.657 -0.0095%
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Table C-23: Support Reaction Comparison #13: BRIDGHt

LOADING:

Truck #1: Truck #2:
Truck Type: Type 3S2 Unit H Unit
Lane #: 1 2
Direction of Travel: Up-station Up-station
Truck Location: Entering Bridge Exiting Bridge
Position in Lane: Center Center
Analysis Level: Inventory Inventory

Truck #3: Truck #4:
Truck Type: Type T130 Unit Type T170 Unit
Lane #: 3 4
Direction of Travel: Left Bound Left Bound
Truck Location: Entering Bridge Exiting Bridge
Position in Lane: Center Center
Analysis Level: Inventory Inventory

LANE ALIGNMENT: SECTION GEOMETRY:
# of Lan.es: 4 Girders He.ight '(in.): 24
Lane Width (ft.): 12 Width (in.): 8
Cantilever Width (ft.): 0 Exterior Height (in.): 24
Ext. Shid. Width (ft.): 3 | Diaphragms | width (in.): 8
Ext. Barrier Width (in.): 8 Interior Height (in.): 16
Median Shid. Width (ft.): 3 | Diaphragms | width (in.): 8
Median Barrier Width (in.): 12 | Slab Thickness (in.): 6
BRIDGE MESH:
# of Girders: 4 | # of Interior Diaphragms: 1
Length of Girders (ft.): 125 | # of Virtual Diaphragms 4
Tot. # of Diaphragms: 7 | Diaphragm Length (ft.): 61
MATERIAL PROPERTIES: Concrete Strength (psi) 4000
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Table C-24: Support Reaction Comparison #13: Result

Reactions at Supporting Nodes: Program vs RISA

Node: Program (k) RISA (k) % Difference:
1 45.792 45.793 -0.0014%
2 86.691 86.693 -0.0029%
3 104.374 104.367 0.0063%
4 118.311 118.314 -0.0029%
25 4.042 4.046 -0.0869%
26 86.718 86.718 -0.0004%
27 141.489 141.479 0.0074%
28 78.583 78.590 -0.0084%
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Table C-25: Support Reaction Comparison #14: BRIDGHt
LOADING:
Truck #1: Truck #2:
Truck Type: Type 3-3 Unit Type T130 Unit
Lane #: 1 2
Direction of Travel: Up-station Up-station
Truck Location: Exiting Bridge Exiting Bridge
Position in Lane: Center Center
Analysis Level: Inventory Inventory
Truck #3: Truck #4:
Truck Type:
Lane #:
Direction of Travel:
Truck Location:
Position in Lane:
Analysis Level:
LANE ALIGNMENT: SECTION GEOMETRY:
# of Lan.es: 4 Girders He.ight '(in.): 24
Lane Width (ft.): 10 Width (in.): 8
Cantilever Width (ft.): 1 Exterior Height (in.): 24
Ext. Shid. Width (ft.): 3 | Diaphragms | width (in.): 8
Ext. Barrier Width (in.): 8 Interior Height (in.): 16
Median Shid. Width (ft.): 0 | Diaphragms | width (in.): 8
Median Barrier Width (in.): 0 | Slab Thickness (in.): 6
BRIDGE MESH:
# of Girders: 4 | # of Interior Diaphragms: 2
Length of Girders (ft.): 125 | # of Virtual Diaphragms 3
Tot. # of Diaphragms: 7 | Diaphragm Length (ft.): 44
MATERIAL PROPERTIES: Concrete Strength (psi) 5000
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Table C-26: Support Reaction Comparison #14: Result

Reactions at Supporting Nodes: Program vs RISA

Node: Program (k) RISA (k) % Difference:
1 39.775 39.767 0.0201%

2 26.594 26.619 -0.0951%
3 28.497 28.472 0.0878%

4 2.917 2.925 -0.2708%
25 82.263 82.289 -0.0312%
26 117.950 117.897 0.0448%
27 56.182 56.209 -0.0486%
28 -0.178 -0.178 -0.2407%
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Table C-27: Support Reaction Comparison #15: BRIDGHt

LOADING:

Truck #1: Truck #2:
Truck Type: Type 3-3 Unit Type 3-3 Unit
Lane #: 1 2
Direction of Travel: Up-station Up-station
Truck Location: Exiting Bridge Exiting Bridge
Position in Lane: Center Center
Analysis Level: Inventory Inventory

Truck #3: Truck #4:
Truck Type: Type 3 Unit H Unit
Lane #: 3 4
Direction of Travel: Left Bound Left Bound
Truck Location: Entering Bridge Entering Bridge
Position in Lane: South Edge North Edge
Analysis Level: Inventory Inventory

LANE ALIGNMENT: SECTION GEOMETRY:
# of Lan.es: 4 Girders He'ight Fin.): 36
Lane Width (ft.): 12 Width (in.): 12
Cantilever Width (ft.): 3 Exterior Height (in.): 36
Ext. Shid. Width (ft.): 3 | Diaphragms | width (in.): 12
Ext. Barrier Width (in.): 8 Interior Height (in.): 16
Median Shid. Width (ft.): 3 | Diaphragms | width (in.): 12
Median Barrier Width (in.): 12| Slab Thickness (in.): 8
BRIDGE MESH:
# of Girders: 4 | # of Interior Diaphragms: 2
Length of Girders (ft.): 60 | # of Virtual Diaphragms 0
Tot. # of Diaphragms: 4 | Diaphragm Length (ft.): 54.333
MATERIAL PROPERTIES: Concrete Strength (psi) 5000
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Table C-28: Support Reaction Comparison #15: Result

Reactions at Supporting Nodes: Program vs RISA

Node: Program (k) RISA (k) % Difference:
1 52.812 52.844 -0.0602%
4 49.858 49.911 -0.1066%
5 73.042 72.967 0.1030%
8 88.513 88.415 0.1112%
9 19.670 19.725 -0.2775%
12 84.281 84.318 -0.0439%
13 0.115 0.104 10.8286%
16 27.708 27.716 -0.0290%
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Table C-29: Support Reaction Comparison #16: BRIDGHt

LOADING:
Truck #1: Truck #2:
Truck Type: Heavy Equip. Trans Type T170 Unit
Lane #: 1 2
Direction of Travel: Up-station Up-station
Truck Location: Exiting Bridge Exiting Bridge
Position in Lane: North Edge South Edge
Analysis Level: Inventory Inventory
Truck #3: Truck #4:

Truck Type: Type 3-3 Unit Type T130 Unit
Lane #: 3 4
Direction of Travel: Left Bound Left Bound
Truck Location: Entering Bridge Entering Bridge
Position in Lane: South Edge North Edge
Analysis Level: Inventory Inventory

LANE ALIGNMENT: SECTION GEOMETRY:
# of Lan.es: 4 Girders He.ight Fin.): 36
Lane Width (ft.): 12 Width (in.): 18
Cantilever Width (ft.): 3 Exterior Height (in.): 24
Ext. Shid. Width (ft.): 3 | Diaphragms | width (in.): 12
Ext. Barrier Width (in.): 12 Interior Height (in.): 24
Median Shid. Width (ft.): 3 | Diaphragms | width (in.): 12
Median Barrier Width (in.): 12| Slab Thickness (in.): 8

BRIDGE MESH:
# of Girders: 5 | # of Interior Diaphragms: 1
Length of Girders (ft.): 90 | # of Virtual Diaphragms 4
Tot. # of Diaphragms: 7 | Diaphragm Length (ft.): 54
MATERIAL PROPERTIES: Concrete Strength (psi) 5000
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Table C-30: Support Reaction Comparison #16: Result

Reactions at Supporting Nodes: Program vs RISA

Node: Program (k) RISA (k) % Difference:
1 84.409 84.48 -0.0837%
2 132.906 132.735 0.1290%
3 75.796 75.912 -0.1524%
4 54.987 54.988 -0.0014%
5 46.302 46.285 0.0365%

31 107.212 107.322 -0.1029%
32 206.007 205.719 0.1398%
33 108.477 108.756 -0.2563%
34 105.658 105.520 0.1310%
35 86.045 86.083 -0.0436%
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Table C-31: Support Reaction Comparison #17: BRIDGHt
LOADING:
Truck #1: Truck #2:
Truck Type: H Unit Type 3 Unit
Lane #: 1 2
Direction of Travel: Up-station Up-station
Truck Location: Exiting Bridge Exiting Bridge
Position in Lane: North Edge South Edge
Analysis Level: Inventory Inventory
Truck #3: Truck #4:

Truck Type: HS Unit Type 3 Unit
Lane #: 3 4
Direction of Travel: Left Bound Left Bound
Truck Location: Entering Bridge Entering Bridge
Position in Lane: South Edge North Edge
Analysis Level: Inventory Inventory

LANE ALIGNMENT: SECTION GEOMETRY:
# of Lan.es: 4 Girders He.ight Fin.): 36
Lane Width (ft.): 12 Width (in.): 18
Cantilever Width (ft.): 3 Exterior Height (in.): 24
Ext. Shid. Width (ft.): 3 | Diaphragms | width (in.): 12
Ext. Barrier Width (in.): 12 Interior Height (in.): 24
Median Shid. Width (ft.): 3 | Diaphragms | width (in.): 12
Median Barrier Width (in.): 12| Slab Thickness (in.): 8

BRIDGE MESH:
# of Girders: 5 | # of Interior Diaphragms: 2
Length of Girders (ft.): 90 | # of Virtual Diaphragms 3
Tot. # of Diaphragms: 7 | Diaphragm Length (ft.): 54
MATERIAL PROPERTIES: Concrete Strength (psi) 5000
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Table C-32: Support Reaction Comparison #17: Result

Reactions at Supporting Nodes: Program vs RISA

Node: Program (k) RISA (k) % Difference:
1 5.164 5.167 -0.0501%
2 6.975 6.968 0.0998%
3 6.652 6.661 -0.1372%
4 7.026 7.021 0.0739%
5 4.864 4.866 -0.0378%
31 17.424 17.453 -0.1662%
32 77.635 77.564 0.0919%
33 48.463 48.556 -0.1914%
34 58.055 57.965 0.1557%
35 55.741 55.780 -0.0702%
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Table C-33: Support Reaction Comparison #18: BRIDGHt

LOADING:
Truck #1: Truck #2:
Truck Type: H Unit Type T170 Unit
Lane #: 1 2
Direction of Travel: Up-station Up-station
Truck Location: Exiting Bridge Exiting Bridge
Position in Lane: North Edge South Edge
Analysis Level: Inventory Inventory
LANE ALIGNMENT: SECTION GEOMETRY:
# of Lan.es: 4 Girders He_ight .(in.): 36
Lane Width (ft.): 12 Width (in.): 18
Cantilever Width (ft.): 3 Exterior Height (in.): 24
Ext. Shid. Width (ft.): 3 Diaphragms | width (in.): 12
Ext. Barrier Width (in.): 12 Interior Height (in.): 24
Median Shid. Width (ft.): 3 | Diaphragms | width (in.): 12
Median Barrier Width (in.): 12| Slab Thickness (in.): 8
BRIDGE MESH:
# of Girders: 5 | # of Interior Diaphragms: 2
Length of Girders (ft.): 90 | # of Virtual Diaphragms 0
Tot. # of Diaphragms: 4 | Diaphragm Length (ft.): 54
MATERIAL PROPERTIES: Concrete Strength (psi) 5000

Table C-34: Support Reaction Comparison #18: Result

Reactions at Supporting Nodes: Program vs RISA
Node: Program (k) RISA (k) % Difference:
1 31.984 31.991 -0.0226%
4 45.123 45.138 -0.0338%
5 65.260 65.247 0.0203%
8 98.490 08.462 0.0282%
9 29.926 29.942 -0.0544%
12 35.817 35.836 -0.0522%
13 15.736 15.713 0.1477%
16 16.093 16.078 0.0922%
17 -5.983 -5.971 0.1939%
20 -6.446 -6.437 0.1391%
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Appendix D - ABAQUS Models: Shear & Normal Forces

Table D-1: Forces at One Support for ABAQUS Modeith a Girder Width of 12 in.

Beam Normal Shear

Model Force (Ibs.) | Force (Ibs.)
12-0.4-6-7 15999.7 2391.6
12-0.4-6-8 16001 3115.2
12-0.4-6-9 18002.2 4865
12-0.4-6-10 16002.5 4815.5
12-0.4-6-11 16003.5 5788.9
12-0.4-6-12 18006.9 8438.3
12-0.4-6-13 18009.2 9803.3
12-0.4-6-14 26024 14834
12-0.4-6-17 26042.4 14842
12-0.4-8-7 15980.7 2406.1
12-0.4-8-12 18006.9 8537.2
12-0.4-8-17 26038.7 14842
12-0.4-10-7 16000.63 2417.6
12-0.4-10-12 18007.1 8639.2
12-0.5-6-7 16000.74 2321.3
12-0.5-6-12 16006.54 6856.4
12-0.5-8-7 16000.77 2344
12-0.5-8-12 16006.82 6969.4
12-0.5-10-7 16000.76 2348
12-0.5-10-12 16007.02 7044.3
12-0.6-6-7 8000.11 593.26
12-0.6-6-12 16008 6842.8
12-0.6-8-7 8000.125 599.09
12-0.6-8-12 15988.45 6966.7
12-0.6-10-7 8000.133 599.24
12-0.6-10-12 16008.95 7022
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Table D-2: Forces at One Support for ABAQUS Modeith a Girder Width of 15 in.

Beam Normal Shear

Model Force (Ibs.) | Force (lbs.)
15-0.4-6-7 16000.38 2067.6
15-0.4-6-12 26010.25 13897
15-0.4-8-7 16000.4 2066.2
15-0.4-8-12 26010.06 13949
15-0.4-10-7 16000.43 2076.5
15-0.4-10-12| 26010.22 14085
15-0.5-6-7 16000.43 2020.5
15-0.5-6-12 18005.22 7253.5
15-0.5-8-7 16000.49 2030.6
15-0.5-8-12 18005.24 7328.8
15-0.5-10-7 16000.44 2042
15-0.5-10-12 18005.4 7420.2
15-0.6-6-7 16000.56 1969.2
15-0.6-6-12 16004.75 5866.1
15-0.6-8-7 16000.54 1981.3
15-0.6-8-12 16004.86 5950.4
15-0.6-10-7 16000.54 1996
15-0.6-10-12 16005.04 6031.4
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Table D-3: Forces at One Support for ABAQUS Modeith a Girder Width of 18 in.

Beam Model Normal Shear
Force (Ibs.) | Force (Ibs.)
18-0.4-6-7 16000.3 1826.9
18-0.4-6-8 18000.7 2936.3
18-0.4-6-9 18000.9 3685.5
18-0.4-6-10 26157.5 8900.4
18-0.4-6-11 26005 10518
18-0.4-6-12 26006.9 12317
18-0.4-6-13 34016.6 19389
18-0.4-8-7 16000.28 1814.3
18-0.4-8-12 26006.61 12275
18-0.4-10-7 16000.23 1815.4
18-0.4-10-12 | 26006.58 12333
18-0.5-6-7 16000.28 1788.5
18-0.5-6-12 26008.83 12376
18-0.5-8-7 16000.28 1786.7
18-0.5-8-12 26008.84 12417
18-0.5-10-7 16000.32 1794
18-0.5-10-12 | 26008.84 12535
18-0.6-6-7 16000.34 1755.4
18-0.6-6-12 18004.13 6380.4
18-0.6-8-7 16000.37 1762.2
18-0.6-8-12 18004.16 6438.1
18-0.6-10-7 16000.39 1772.3
18-0.6-10-12 | 18004.31 6518
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Appendix E - RF and Truck Ratings for Bridge # 54-104-15.45

Table E-1: Rating Factors for Spans #2 & #4 for 59%00% Girder Width

Rating: Operating Inventory

bw used:| 100% | 50% 100% 50%
H Unit 1.24 1.09 0.74 0.65
T3 1.19 1.05 0.71 0.63
HS 1.12 1.01 0.67 0.61
3S2 1.19 1.05 0.71 0.63
T 3-3 1.24 1.09 0.74 0.66
T-130 1.18 1.06 0.71 0.64
T-170 1.13 1.04 0.68 0.62
HET 0.97 1.03 0.58 0.62
SuU4 1.16 1.04 0.69 0.62
SU5 1.13 1.02 0.68 0.61
SU6 1.12 1.01 0.67 0.61
SU7 1.1 1.01 0.66 0.6
NRL 1.1 1 0.66 0.6

Table E-2: Truck Ratings for Spans #2 & #4 for 5%00% Girder Width

Rating: Operating Inventory

bw used:| 100% | 50% 100% | 50%

H Unit 155 | 13.625| 9.25 | 8.125
Type 3 29.75| 26.25 17.75] 15.7p
HS 40.32 | 36.36 | 24.12 | 21.96
3S2 42.84 37.8 25.56| 22.68
Type 3-3 [ 49.6 43.6 29.6 26.4
T-130 76.7 68.9 46.15 41.6
T-170 96.05| 88.4 57.8 52.7
HET 106.7 | 113.3 63.8 68.2
SuU4 31.32 | 28.08 | 18.63 | 16.74
SU5 35.03| 31.62 21.08/ 18.9]
SU6 38.92 | 35.0975| 23.2825| 21.198
SU7 42.625| 39.1375| 25.575| 23.25
NRL 44 40 26.4 24
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Table E-3: Rating Factors for Span #3 for 50% &%08irder Width

Rating: Operating Inventory

bwused:| 100% | 50% [ 100% 50%
H Unit 1.28 1.11 0.77 0.67
T3 1.21 1.07 0.73 0.64
HS 1.13 1.02 0.68 0.61
3S2 1.19 1.06 0.71 0.64
T3-3 1.25 1.11 0.75 0.66
T-130 1.19 1.07 0.71 0.64
T-170 1.14 1.04 0.68 0.62
HET 1.03 0.97 0.62 0.58
SuU4 1.18 1.05 0.71 0.63
SU5 1.15 1.04 0.69 0.62
SU6 1.13 1.03 0.68 0.61
SU7 1.12 1.02 0.67 0.61
NRL 1.11 1.01 0.66 0.61

Table E-4: Truck Ratings for Span #3 for 50% & 10G#der Width

Rating: Operating Inventory
bw used:| 100% | 50% 100% | 50%
H Unit 16 13.875 [ 9.625 | 8.375
Type 3 30.25| 26.75 18.25 16
HS 40.68 | 36.72 | 24.48 | 21.96
3S2 42.84 | 38.16 25.56| 23.04

Type3-3| 50 | 444 | 30 | 264
T-130 77.35| 69.55| 46.15| 41.6

T-170 96.9 88.4 57.8 52.7
HET 113.3| 106.7 68.2 63.8
Su4 31.86 | 28.35 | 19.17 | 17.01
SUS 35.65| 32.24 21.39] 19.2p
SU6 39.268| 35.7925| 23.63 | 21.198
SuU7 43.4 | 39.525| 25.962b23.638
NRL 44.4 40.4 26.4 24.4
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