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1. FOREWORD

The Federal Highway Administration (FHWA 2012) (Lwin 2012) defines a fracture critical
member (FCM) as “a steel member in tension, or with a tension element, whose failure would
probably cause a portion of or the entire bridge to collapse.” FCMs are composed of
nonredundant members that make the structure extremely vulnerable to fatigue and/or fracture
failures. An engineer may encounter the dilemma of choosing either a steel twin tub girder
(STTG) or long-span steel (or concrete) multi-girder superstructure. Despite the advantages that
tub girders offer for long-span curved bridges, there may be a reluctance to select this option
since it is deemed fracture critical by the above FHWA requirements. The classification of the
structure as FCM implies significant ongoing inspection costs due to the hands-on nature of
inspection requirements for FCMs. However, it is contended that the current classification based
on load path redundancy alone may be markedly conservative if it does not consider the inherent
reserve capacity of STTG bridges, especially those continuous structures with multiple spans.

If these bridges are reclassified as nonfracture critical based on the reserve capacity in a
damaged state under the design loads, substantial savings in inspection costs will accrue over the
life of the structure. At the time of design, certain simplifications are made whereby the degree
of redundancy and reserve capacity are not recognized. The quantification of the reserve capacity
of each twin tub bridge structure can potentially lead to the reassignment from the default
position of a fracture critical bridge to a reclassification as nonfracture critical.

The finite element method (FEM) makes use of the advanced nonlinear elasto-plastic
analysis incorporating a detailed mesh refinement and precise element modeling. The results
generated are consequently the most accurate and reliable. A second but less rigorous
computational method implements a lower-bound analysis method using a nonlinear push-down
grillage analysis. This ease in the computational effort comes at the cost of a comparatively less
precise simulation of the bridge material properties and loading conditions.

Recent research reported in Texas Department of Transportation (TxDOT) project 0-6937
suggests that many of the bridges may be safely reclassified as nonfracture critical based on the
computed overstrength factors. Since this assessment ideally needs to be an economical and
rapid process, the applicability of using the simpler computational method such as grillage, aided
by the plastic upper and lower-bound solutions serving as a check, is examined in that project.



The feasibility of these simper solutions is established through the comparison of the results
obtained from the three independent methods. This volume primarily focuses on the two simpler
methods that serve as the preliminary steps in the identification of the reserve capacity of the
structure to determine whether the bridge could be reclassified as nonfracture critical.

In spite of the relative simplicity of the nonlinear grillage methods, there remains
considerable time and effort to code and run such an analysis. Moreover, once complete, the
analyst may remain unsure of the dependability of the result.

To confirm the dependability of results, the simplest approach is to conduct a limit plastic
collapse analysis of the bridge deck in a span-by-span fashion. This limit analysis for a fractured
twin tub bridge needs to be rooted in the use of yield line theory. As such, analytical solutions
using yield line theories may be posed as either lower or upper-bound solutions to the problem
(Park and Gamble 2000).



2. ANALYSIS SCHEMA

21 SCOPE

This section presents an overview of the analysis procedures that should ideally be followed so
that an STTG bridge that is presumed to be fracture critical (meaning, by definition of FCMs as
per FHWA, it contains a “steel member in tension, or with a tension element, whose failure
would probably cause a portion of or the entire bridge to collapse”) may be reclassified as
nonfracture critical. The analysis schema shown in Figure 2.1 depicts the overall procedure and
decision points.

In principle, two methods of analysis that are markedly different in their approach are
used to arrive at a positive declassification decision. If the first method—the yield line theory
that provides a limit analysis solution—does not indicate a positive solution, there is normally
little hope the following methods will succeed. Therefore, the analysis may be terminated. The
process of the evaluation of the STTG bridges for their declassification is charted using an
algorithmic representation, as shown in Figure 2.1. The procedure is as follows:

2.2 COLLECTION AND ORGANIZATION OF DATA:

The necessary details of the bridge are documented by using the design drawings. The reports for
the member properties and additional information and other pertinent attributes are
systematically recorded as per the requirements of each method. For example, the yield line
analysis does not model the 3-D elements, such as diaphragms and stiffeners, that the FEM
model does; therefore, the details of those elements need not be documented for the first stage.
Thus, a selective documentation of the data is encouraged for efficient collection of useful

information.

2.3  STAGE 1: YIELD LINE ANALYSIS

Yield line analysis is an explicit direct method of plastic analysis used to provide an upper-bound
solution for the reserve capacity of the bridge in terms of the overstrength factor, Q. The first
stage can be perceived as a litmus test for the reserve capacity of the bridge span under

consideration since if this method concludes an overstrength, Q2y;.14 Line < 1, then the chances of



the remaining two methods resulting in a higher reserve capacity are very slim, and the bridge
will be deemed fracture critical. If the yield line analysis predicts an overstrength, Qv;eiq Line > 1,

then proceed to the second stage of analysis, which is computational.



[ START ]

[ Obtain drawings, bridge reports and key attributes ]

Can Bridge be automatically
reclassified as being
nonfracture critical?

STAGE 1: Yield Line Analysis Qy;cid Line

No
< Is -QYield Line = 1
STAGE 2: Grillage Analysis 2¢;iiiqge
No
4 IS 26rittage > 1

Yes

[ STAGE 3: Finite Element Method 25guy ]

< No /usgmpl\ ves >

L

v
Bridge remains classified as Bridge MAY be reclassified
fracture critical as nonfracture critical

Figure 2.1. Flowchart for Analysis Procedure of STTG Bridges.



24  STAGE 2: GRILLAGE ANALYSIS

The nonlinear push-down analysis is a computational method that may be carried out using
reputable commercial software such as SAP2000 (Wilson and Habibullah 1997). The concept of
the method is the strip method of plastic analysis that incorporates the modeling of structural
components as equivalent grillage members whose capacity is assessed through hinge failure in
an elasto-plastic analysis. The method generally leads to lower-bound solutions. However, if
strain-hardening is used in the constitutive relations, solutions where 2¢,i11ag¢ > 2yieid Line are
possible; the lower of the two should be adopted. If 1 > Q¢ri11age > Rvieia Line, the evaluation
shall be terminated by classifying the bridge as fracture critical. In the event of an overstrength,

Q6rinage>1, the analysis shall be taken to the next stage.

2.5 STAGE 3: FINITE ELEMENT METHOD

It is possible that following the Stage 2 analysis, a result may lead t0 Qy;.14 Line > 1 and
D6rinage< 1. This result does not necessarily mean the bridge cannot be reclassified as
nonfracture critical; rather, a more exacting computational analysis is needed as a tie-breaker.
Therefore, an advanced modeling and load simulation analysis should then be conducted using
general-purpose nonlinear FEM software such as Abaqus (Dassault Systemes 2017) to capture
the complete behavior of the elements and their material and structural properties. This method is
the most precise of all the three methods employed but is considerably more costly in terms of
time and effort. Because this method is considered the most definitive, then if the overstrength
factor 2pg), > 1, the structure may be reclassified as nonfracture critical. Conservatively, if

Qrpy < 1, the bridge shall continue to be classified as fracture critical.

26 BACKGROUND THEORY AND EXAMPLES

Sections 3 and 4 provide background to yield line and grillage approaches, respectively. In
Sections 5-7 of these guidelines, overstrength factor results respectively are presented for the
following 3 bridges selected from the suite of 15 typical steel twin tub girder (STTG) bridges from
the Texas bridge inventory that are described in the TXDOT (0-6937) report of Fracture Critical Steel
Twin Tub Girder Bridges:



Single-span bridges: Bridge 2 is used as an example that has no support fixity.
Two-span continuous bridges: Both exterior spans of Bridge 5 are used as examples—
with one degree of fixity over the interior support.

Three-span or greater continuous bridges: Both exterior spans of Bridge 10, with one
fixity over the interior support, and one interior span of Bridge 10, with fixity over both

the interior supports, are provided as examples.






3. PLASTIC ANALYSIS USING YIELD LINE THEORIES

As described in Park and Gamble (2000), the overstrength factor is calculated using virtual work
analysis by equating the factored external work to the internal work when a maximum deflection
of unity takes place:

QEWDy, = IWDy (3.1)
in which IW Dy = internal work done based on nominal material properties; EW D, = external
work done by factored ultimate design load; and 2=overstrength factor.

The external work done is calculated as follows:

5
EWDy = WprLi 5 = 0.5WprL, 3.2)

in which Wy, = the total load that effectively participates in the collapse mechanism;
& =1 = virtual displacement; and L} = the span length under consideration measured on the
centerline (CL) of the collapse mechanism, such that:

B
L= (1 + 4RQ)L" (3.3)

where L, = CL of the bridge (midway between the twin tubs); B = the width of the bridge; and
R¢, = the radius of curvature measured along the CL of the bridge deck for a straight
bridge Ly, = L,.

For AASHTO HL93 truck and lane loads, this results in:

523 2091\
AL, (1= Q)LL) e

Wgr = wyLy(b + 0.5s) + W, Ly + <336 - (3.4)
where s = the width of the area of the slab along which the mechanism under consideration is
applied; b = the transverse distance of the interior flange of the fractured girder from the outer
edge of the bridge; w,, = the area load consisting of self-weight of the reinforced concrete deck
slab and the applied lane load (kip/ft? = ksf); W, = the line load consisting of the self-weight of
the fractured tub girder and the guardrail (kip/ft); and A = the critical location factor for the hinge
to occur, normally at the location of maximum moments. For simply supported spans and the
interior spans of three- or more-span continuous bridges, A = 0.5, whereas for two-span bridges

or the end span for three- or more-span bridges, 4 = 0.4.



Thus, for simply supported spans and for interior spans (A =0.5):

« . 5226
We=w,Li(b+ 0.5s) + W,L; + <336 - L—) Kiane (3.5)
X
For the end spans of continuous bridges (2 spans or greater, where A = 0.4).
. . 4793
Wy =w,Li(b+ 0.55) + W,L; + <336 - L—) Kiane (3.6)
X

For a wider bridge, the second lane of trucks may participate (in part) in the collapse
mechanism, as depicted in Figure 3.1. The axle loads are required to be increased proportionally
to their deflection with respect to the truck position over the fractured girder. Thus, the lane load

requires modification through the scalar K;,,.. For one line of truck wheels participating:

B y
Kiane =1+ 0.5 - (3.7)

in which y = distance measured from the intact (unfractured) girder to the line of wheels. If both

lines of wheels are participating in the mechanism, then:

Kigne =1 +% , Kigne < 2 (38)
where y = distance to the CL of the truck.
The internal work done is calculated as follows:
. Ly m,b ) 0.5Mp; 0.5M,,
WDy = (m; +my) (25) Kpouna + (/1(1 o) \aoaon) T\a=an (3.9)

where m’,, and m,, are the negative and positive moment capacities per unit width in the

y direction, respectively, and m',, and m, are the negative and positive moment capacities per
unit width in the x direction, respectively (units k-in./in. = k-ft/ft, or KN m/m or N-mm/mm); M,
and M, are the plastic moment capacities of the composite deck and the intact girders at the
ends of the span in consideration (0.5 is used since the outside girder alone takes part in the
critical mechanism); and A = the critical location factor for the hinge to occur, normally at the

location of maximum moments, as defined above.

10
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Figure 3.1. Layout of Typical Interior Span with Yield Line Mechanism.

Note that for simply supported spans, there is no end fixity; therefore, M,;; and M, are

set to zero, whereas exterior spans of the two-span and of the three-span bridges have one fixity

at the end support; therefore, one of the M,,; and M,,, are set to zero for that case, and interior
spans have fixity at both the end, implying that both M,; and M,,, are non-zero.

For simply supported spans and the interior spans of three-or-more-span continuous
bridges (1 = 0.5):

Ly
IWDSmele Spans — (my + my) ( )kbound +-= (m b) (310)
L, 4m,b 3.11
IWDynt spans = (M}, +m,) ( )kbound + ( = ) + (0.5M,; + 0.5M;;) ( ) (3.11)
X
For two-span bridges or the end-span for three- or more-span bridges (4 = 0.4):
25myb 25M; 3.12
IWDgyt spans = (m}, + m,) ( )kbound + ( 6L;‘ ) + ( 12L§:> (3.12)

The term ky,,nq represents the modifier term representing the upper and lower-bound solutions,

as follows:
tan o 4s |(m', +m
et =1+ 2gmg| = 1+ 1 (e -
tan 0 Ly J\my +m,
and:
tanZa 8s2/m', +m
lower 11 4 2 — 1 (o (3.14)
tanZ0 L2 \m', +m,
where:

11



tana = (3.15)

S
L./2

tano = SN _ /my_”"y (3.16)
L, m,+m,

The overstrength factors are computed using Equation (3.1).

IWDy (my, +my) (z_g) kpouna + (,1(1 —XA)L;) ( )

and:

2L.(1—-2)
For simply supported spans:
, L 4
(my + my) (2_;;) kpouna + L_; (myb)
-Qsimply Supported = 0.5Wgy (318)
For interior spans:
, L 4m,b _ _ 2
(my + my) (ﬁ) kbound + (L_{) + (OSMpl + O'SMpZ (E)
Qnterior = 0.5Wgr (3.19)
For exterior spans:
, Ly 25myb 25M,;
(my + my) (%) kbound + ( 6Lx ) + ( 12L*x ) (3 20)

Qpxterior = 0.5Wpy

The longitudinal and transverse moment (positive and negative) capacities of the deck
slab and the positive capacities of the composite intact section are computed based on the
standard U.S. code procedure using the specified compressive strength of concrete and specified
or as-built (if known) yield strength of reinforcing steel in the deck and the guardrail and in the
structural steel of the twin tub girders. The negative capacities of the composite intact section are
computed using plastic analysis of sections via the equal area method, assuming that the concrete
has cracked completely and does not contribute to tension. Since the fractured outside girder
alone takes part in the postulated critical mechanism, the negative moment capacity of half the
section is used for the computation of the overstrength factor of the exterior spans.

The tabulations in the examples in Section 5, 6 and 7 that follow are presented such that

the input values to be used depend on bridge geometry, the material properties of the deck and

12



the guardrail, the reinforcement, and the structural steel. They are indicated by yellow
highlighting of the corresponding row number, with the value itself in boldface. Similarly, the
values that need to be solved to ensure equilibrium and the corresponding equilibrium checks are
indicated by blue highlighting of the corresponding row number, with the value itself in
boldface.

The other rows can be automated by feeding the formulae presented in the column named
FORMULA/DEFINITION/EQUATION, which also mentions the conditions for which each
formula is applicable. Since Bridge 2 does not have support fixity at all, the moment calculations
for the positive and negative composite deck and the intact girders are irrelevant for this bridge,

and are therefore not included in this section. The results are also presented in boldface.

13






4. COMPUTATIONAL IMPLEMENTATION OF GRILLAGE ANALYSIS

The computational analysis of the fracture critical twin tub girder bridges (TTGBs) may be
implemented using commercial nonlinear structural analysis software. Programs such as
SAP2000 may be useful to carry out the following steps.

Step 1: Define Cylindrical Coordinate System for the Grillage Grid

For the TTGB, the longitudinal grids need to be located at the two exterior edges of the bridge,
the CL of the two exterior top flanges, and the two interior top flanges. The transverse grillage
grids need to be located at the ends on 7 ft spacing increments in the middle of the bridge (for
easier assignment of the HS-20 truck load), and at pier locations in the case of a multi-span
bridge. An illustration of the grid system for a single-span bridge is shown in Figure 4.1. The

transverse spacing increments will need to be converted to a radial spacing in the cylindrical
coordinate system using Equation (4.1):

Radial Spacing (deg.) = (

Spacing Length 180
pacing ~eng )*( ) 4.1)

Radius of bridge T

]
o

(o —
—

Figure 4.1. Grillage Grid System for a Single-Span Bridge.

Step 2: Nonlinear Material Properties of the Members
The fractured TTGB will be analyzed at ultimate loading conditions; therefore, the steel and

concrete components of the bridge will be taken beyond their elastic capacity. The composite

15



girder and deck system is composed of concrete that will reach cracking and crushing strains and
of rebar and steel plates that will reach strains beyond yielding. The material models to be used
are represented in Figure 4.2. Nonlinear constitutive material behavior is defined in the advanced

properties within the material definition.

Stain fnde)  faaem e sumin {inn)
100 T T T T I L

— i a0 - 1 P —

Mipin)

8 3 o ¥ 3
i

ipinz)

Straws [Kipn2)

Stress [Wip’
Stres

128 L L ] L LY CLCTY RN P RT R LR LR ) RRREY LY LR A O

(a) Reinforcing Bar (b) Steel Plate (c) Concrete
Figure 4.2. Constitutive Material Models (SAP2000).

Step 3: Define Section Properties for Longitudinal and Transverse Bridge Members

Using the section designer feature in SAP2000, a composite tub, deck, and railing section can be
generated. The exterior longitudinal member in Figure 4.3 consists of the railing, the deck from
the CL of the girder to the exterior edge (with corresponding reinforcing bar), one top flange, one
web, and half of the bottom flange. The interior longitudinal member consists of the deck from
the CL of the bridge to the CL of the girder, with corresponding longitudinal reinforcing bar, one
top flange, one web, and one half of the bottom flange. The transverse members in Figure 4.4
consist of concrete deck and transverse reinforcing bar. However, it is critical to set the weight
modifier to zero of the transverse section to not double-count the concrete deck weight. It should
be noted that as the steel plate members change dimensions and the reinforcing pattern changes
throughout the length of the bridge, and new sections will need to be created to represent the new

dimensions.

16



a) Exterior Longitudinal Member b) Interior Longitudinal Member
Figure 4.3. Representative Longitudinal Members.

T
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1
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1

i

a) End Transverse Member b) Interior Transverse Member
Figure 4.4. Representative Transverse Members.

The fractured girder can be modeled by simply copying the exterior and interior longitudinal
sections and removing the bottom flange, web, and top flange steel plate components.

Step 4: Define Hinge Properties

Following the creation of the necessary longitudinal and transverse members, plastic hinges need
to be created for each section. The grillage push-down analysis will generate plastic hinge
formation under the ultimate loading condition. Within the section designer of SAP2000, there is

a moment curvature response tool that allows the user to generate moment curvature data for

17



each of the members created in Step 3. The data from SAP2000 is then exported into an Excel
spreadsheet. Then the angle on the Moment Curvature window can be changed to 180 to get the
negative moment curvature, and once again the data is exported to the same Excel spreadsheet.
The moment curvature response is then normalized against the maximum positive and negative
moments and their corresponding curvatures and then plotted. The Hinge Definition window in
SAP2000 will only allow four normalized positive and negative moment curvature data points
per section hinge. Therefore, a best fit plot for each moment curvature response needs to be
generated in Excel using only 9 points (4 positive, 4 negative, and 1 zero). The hinge length is
assigned as half the member depth. A representative hinge property is depicted in Figure 4.5. For

ease of convergence, non-negative slopes are recommended for the hinge properties.

:x: Frame Hinge Property Data for LongOUT - Mement M3 X
Edit
Digplacement Control Parameters.
Type
Point Moment/SF Curvature/SF () O Moment - Rotation
- -1.38 -35. @ Moment - Curvature
c c
C- -1 -1
Relative Length
-0.72 -0.56 _J u g
0. 0 - Hysteresiz Type And Parameters
0.91 0.56
1. 1. Hysteresis Type lzotropic ~
[ symmetric
1 3. o No Parameters Are Required For This
q 1 Hysteresis Type

Load Carrying Capacity Beyond Point E
O Drops To Zero
(@) Iz Extrapolated

Scaling for Moment and Curvature

Positive Negative
[] UseVieldMoment  MomentSF  |250798. | [14408s. |
[] Use Yield Curvature  Curvature SF  |[5.950E-05 | [5.860E-05 |
(Steel Objects Only)
Acceptance Criteria (Plastic Curvature/SF)
Positive: Negative
- Immediate Occupancy |1. | |-1_ |
Life Safety |2- | |‘2- | Cancel
Collapse Prevention |3. | |_3_ |

[] Show Acceptance Criteria on Plot

Figure 4.5. Representative Hinge Property.

Step 5: Assign Longitudinal and Transverse Members to the Grid
Using the “quick draw” frame section tool in SAP2000, the various longitudinal and transverse

frame sections can be assigned to the grillage grid that was established in Step 1 by merely
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selecting the desired section from the drop-down menu and clicking on the appropriate grillage

grid. Figure 4.6 shows a screenshot from SAP2000 after all members have been assigned to a
simple-span bridge.

Properties of Object

Line Object Type
Section

Moment Releases

XY Plane Offset Normal

Straight Frame
Trans
Continuous
0.

[ 4 p—

[~ }—

Figure 4.6. Screenshot of SAP2000 Post Frame Section Assignment.

Step 6: Assign Hinges to Frame Members

At this stage, the longitudinal and transverse members are already assigned to the grillage grid.
To allow for plastic hinge formation, hinges need to be assigned at the nodal intersection of all
members, as represented in Figure 4.7. Longitudinal hinges need be placed at both joints at the

end of each member. Transverse hinges need to be assigned at a distance of half a top flange
width away from each node.
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Figure 4.7. Representative Hinge Assignments.

Step 7: Assign Boundary Conditions

The support conditions of the physical bridge are elastomeric bearing pads. These pads are
represented by springs with a lateral stiffness of 6 kip/in. and a vertical stiffness of 3050 kip/in.
in the grillage model, as represented in Figure 4.8. For the single-span bridges, springs will be
assigned at each end of the longitudinal joints. For the two- and three-span bridges, springs are

also assigned to the ends of the longitudinal joints and to the joints at the pier location.

- -

o<
\"\.

-

Figure 4.8. Spring Boundary Conditions.
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Step 8: Define Load Patterns and Load Cases

For single-span bridges, two additional load patterns need to be created: the truck load and the
lane load. For the two- and three-span bridges, a truck load pattern needs to be defined for each
span, and the same follows for the lane load. Once load patterns are established, load cases need
to be created. Each load case represents a load combination of 1.25*DL + 1.75(LL + IM), where
DL =dead load, LL = live load, and IM = impact load, or 1.25*DL + 1.75*LL + 2.33*HS-20,
where DL = dead load, LL= lane load, and HS-20 = truck load. Each load case should be set to
nonlinear behavior. The first load case should start from a zero initial condition. Each proceeding
load case should start from the end of the previous load case. Each span should have its own set

of load cases. In addition, each load case should be divided into 20 or more steps.

Step 9: Assign Frame Loads

Two lanes of truck loading should be assigned as a series of point loads, and the two lanes of
lane loads should be distributed as lane loads to the longitudinal members (as depicted in Figure
4.9). An HS20 truck load consists of 32 kip middle and rear axles and 8 kip front axle loads
spaced 14 ft apart longitudinally and 6 ft transversely. The first line of wheels will be placed 3 ft
from the curved edge of the deck (2 ft away from the face of the curb plus 1 ft curb thickness),
the second 9 ft from the edge of the deck, the third 15 ft from the edge of the deck, and the fourth
21 ft from the edge of the deck. The middle axle load of each truck should be placed at half the
span length on the single-span bridges and interior middle spans of three-span bridges. The
middle axle should be placed at approximately 0.4*L from the end of the end spans of two-span
and three-span bridges. Two lanes of lane loading (0.64 Kip/in. each) should be located—one 8 ft
from the edge and the second lane 20 ft from the edge. However, since the longitudinal members
are placed according to the girder placement, the lane loads have to be distributed according to

the tributary area.
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a) Truck Load b) Lane Load
Figure 4.9. Grillage Truck and Lane Load.

Step 10: Assign Data Collection Points at Centerline of Girder

At the location of each of the center axles, the transverse members between the outer
longitudinal member and the interior longitudinal member need to be divided into two pieces
using the Divide Lines feature in SAP2000. This process allows for the collection of data at the

CL of the member.

Step 11: Run Analysis for Dead Load Only
In order to get to dead load value of the data, the intact bridge should be run solely under the

dead load case. The reactions should be recorded for all supports.

Step 12: Run Analysis for All Load Cases for Each Intact Span

For the intact bridge, run all HL93 load cases for the span being evaluated. Once the program has
run, collect the displacement data for points 1 thru 4 (seen in Figure 4.10) and the CL points of
the inside and outside girder at the location of the center axle. Be sure to obtain the results in the
step-by-step format so that the load case and step for each displacement point can be collected as

well. This process will be completed once for each span.
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Girder Inside of Curve

CL cL
Point Inside Point _ Point Outside Point
Girder

Girder Outside of Curve

Figure 4.10. Location of Grillage Data Collection Points.

Step 13: Replace Hinges at Fracture

At the location of the center axle for the span being evaluated, replace the longitudinal hinges on

the outside girder with their fractured counterparts. The hinge assignment is depicted in Figure

4.11.

N

‘ I

La-‘;r\ ongINT) 1‘ H2(LongINT) | 2H1iLengbUT)

| ettt III: g A;I 101+ M?-M_LM—WMM ans)
| " — H2iLongDUT)
I 10H2(L uT) 44H1(LangINT) #43H1 (LangINT) 23H2IL -‘ uT
|
| |
I |
44H2{LonalNT 43H2{LongINT) 23H1iLengOUT)
| ; 2 N fLong .
" TH2(Trang)08H1iTrans) o 108HE(TeA B ITrans)
. gk Trang) o 108H2( 1 ang07H(T . ‘
I “ 42H1(LongINT) 24H1{LengDUT)

cans) 18H Trang!17TH1 (TrangittH2 Traqgl 81 Trang) 118H2(T

30H1(LangINT} S8k (LangINT)

Figure 4.11. Fractured Hinge Pattern.

Step 14: Run Analysis for All Load Cases for Each Fractured Span

For the fractured bridge, run all HL93 load cases for the span being evaluated. Once the program

has run, collect the displacement data for points 1 thru 4 (seen in Figure 4.10) and the CL points

of the inside and outside girder at the location of the center axle. Be sure to obtain the results in

the step-by-step format so that the load case and step for each displacement point can be

collected as well. This process will be completed once for each span, making certain to replace

intact hinges in the preceding span before assigning fractured hinges in the following span.
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Step 15: Post-Process the Data
For both the intact and fractured bridge, the following calculations need to be made:

e Omega (Q):

0 0;=01+( ! ).

# of Stepsin Load case

e Longitudinal Chord Rotation of Interior and Exterior Girder:
5
0 Chord ROt-Single Span or Interior Span — —1=% (ﬁ)

_ ScL
0 Chord Rot.gxterior span = —1 * (m).

0 The above equations are in radians.
e Transverse Deck Rotation:

o Relative rotation of deck at inside flange of inside girder:
. _ (83=82) _ (82-64
oy = (B25) - (52),
. _ (83=62) _ (84=83
0{3_2—( s ) ( w )

= Where s = spacing between the interior top flanges (at the CL of the web)

of the inside and outside girders and w = spacing between the top flanges
(at the CL of the web) of the same girder.

= The above rotations are in radians.

e Applied Load:
0 Calculate unit applied load or applied load at 1 Q:

* Unit Applied Loadingie span = 1.25 *
Total Reaction from Dead Load Case + 2 * (2.33 x HS20 truck +
1.75 % Lane Load).

* Unit Applied Loadmyti span = 1.25 *

Total Reaction from Dead Load Case * (LLS’ﬂ) + 2%
Total

(2.33 * HS20 truck + 1.75 * Lane Load).
= Applied Load = Unit Applied Load * {1.

e Intact Stiffness of Intact Bridge:
0.4

0 Initial Stif fness g4 = ——.
ff Intact at 2=0.4 AbS(SOG—CL)
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e Instantaneous Stiffness for Fractured Bridge:

. 0;-0;_
0 Instantaneous Stif fnesspg_rraci = 6‘ 8l L,
i—0i-1

The criteria above can be organized into an Excel spreadsheet, as noted in Figure 4.12.

A B c 4] E F G H 1 ! K L M v X ¥ z As AR AC AD
1 Intact 06 CL 15 CL Pointd | Point? | Point2 | Pointl Applied 06 15
Load Chord Chord a2l 12
. | Load Case | Load Step [v] Delta {in) | Chord {rad) Delta {in) Chord (rad) |Delta (in)|Delta (in) |Delta {in) (Delta {in) (o 23 [rad) |0 32 (rad) B 0 (cal) |Delta [in) Delta in)
2 (kip) (deg) (deg) | (deg) | (deg)
ER 0| [ [ 000000 [ 000000 o [ U [ | 0| 0| 0.00)
4 1K1 1 0.0 -0.1037) 0.00015 -0.08 7920 0.00013) -tl,lU'}ll_[ -0.10129)  -0.0842) -0.07905| 7.89-05) 4.89E-03) G| 0.05] 0008061
5 LC1 2| 0.1 -0.2074 0.00030) -0.175851 0.00025) -0.110&1[ -0.20259] -0.18839| -0.15803| 0.000158| 9.B8E-05| 132] 0.1D| 0.0172.2[ 0.18] 0.01460| 0.009043| 0.005662

Figure 4.12. Spreadsheet of Grillage Data.

Failure criteria are as follows:
e The instantaneous stiffness for the fractured outside girder is less than 5 percent of the
initial stiffness of intact outside girder.
e The chord angle (deflection at midspan divided by half span length) of the outside girder
for simple spans or interior spans is greater than 2 degrees. The chord angle for exterior
spans in multi-span bridges is greater than 3 degrees.

e The transverse deck rotation is greater than 5 degrees.
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5. BRIDGE 2

5.1  YIELD LINE ANALYSIS EXAMPLE OF BRIDGE 2

This section documents the steps to compute the overstrength factor of Bridge 2 via the yield line
analysis (grillage analysis is explained in the next sub-section). Figure 5.1 presents the
dimensional details of the simply supported span of Bridge 2. Further details can be found in
Appendix A.

|
[
} Qutside Steel wani Tub Girder (Fractured) T

— |
5=6.1f=——— L= 115 — = |B=26.43
Inside Steel TWt'n! Tub Girder (Intact) |
|

b=1§l.2 | i

Figure 5.1. Schematic Diagram of Bridge 2 (R = 1910 ft, L,= 115 ft).

This section also presents the stepwise procedure of the yield line analysis conducted to establish
the upper-bound and lower-bound solution range for the overstrength factor that is in conjunction
with the theory of plastic analysis in Section 3.

The moment capacities (longitudinal and transverse) of the deck slab are calculated using
the standard US code-based procedure following the Whitney’s stress block approach. The
capacities are calculated for one ft wide cross-section of the bridge. The geometric parameters
namely B = the total width (breadth) of the deck slab, ¢ =thickness and b/ = the width of each
cross-section are noted from the structural plans. The various material properties of concrete and
steel are obtained through the bridge plans and the reports associated with the respective bridges.
These properties include f,' = the specified compressive strength of concrete, & = the maximum

strain at the extreme concrete compression fiber (computed as per Section 22.2.2 of ACI-318
(2017) which states the “assumptions for concrete.”), f,, = the yield strength of steel of the

reinforcement bars, £ = the Young’s modulus of steel and &, = the yield strain that is the ratio of

yield strength and Young’s modulus of steel in the reinforcement.
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, = the factor relating depth of equivalent rectangular compressive stress block to depth
of neutral axis is computed using Table 22.2.2.4.3 of ACI-318 (2017). The formula applicable
for the strength of concrete used in this study is as follows

B1 = 0.85—0.05(f; - 4) where £, is in ksi
The details of the reinforcement such as #»a- = the number of bars per one ft wide section
(for the longitudinal capacities) or s = the on-center spacing (for the transverse capacities),
dp = the diameters of the bars, A, the corresponding areas of steel, cc = the clear cover (from the
bridge drawings) and dand d’= the subsequently computed effective depths of the tensile and
compressive zones respectively, are recorded. swp and esor = the net tensile strain in the extreme
tension reinforcement at the top and bottom of the section respectively, are determined from a
linear distribution (ACI-318 2017).
The section of concrete is considered to be divided into compressive and tensile zones by
a neutral axis that is located at a depth ¢ from the top fiber. The compressive force due to
concrete (with a negative sign) is found using the formula
C. = 0.85f/bB;c=0.85f'b where a = f;c
If the reinforcement steel is in compression, the compressive force due to compression
steel is denoted by a negative sign, as follows
Ttop/bottom = —(Asfs — 0.85f Ay)
The tensile force due to the steel reinforcement is given by
Ttop/pottom = Asfs

To ensure that the computation of the forces considers whether or not the steel has yielded, the

Egtop/bottom

fS:

following formula is used for the strength of steel at the extreme fiber of reinforcement
Egtop/bottom

204 005
o+ [Foppeocon| )

The depth of neutral axis, c¢ (indicated by blue highlighting) is obtained by equating the tensile

and compressive forces. The moment capacities are found by taking moments of forces about the
neutral axis.

The computation of the overstrength factor is based on the procedure explained in the
Section 3. The data necessary for the calculations such as the geometric details, the moment

capacities, the volume of girder and area of cross-section of rail are listed as input values
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indicated by yellow highlighting. The parameters needed to solve the equations in Section 3 are
computed using the formulae and allowance factors for dead load, live load and the weight of the
stiffeners. The parameters and their corresponding formulae and values are tabulated in a

sequential order and can be regenerated using any spreadsheet program.
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MOMENT CAPACITY OF DECK SLABR 1
(BRIDGE 2) 4
pescription Parameter Ddata
Y % 1 Total width Bin 317
fg 5 Thickness tin 8
0
v} Section wiolth b in 12
J Characteristic Compressive o
g | Strength fe ksi 4
v
S Pls b1 0.85
8 P Strain €1 0.003
» 3|7 Yield Strength £, Ksi 60
é g g Young's Modulus E ksi 29000
¥319 Strain & 0.002070
Mowent Computations Longitudinal Transverse
10 my m, my, m,
11 Top |Bottom | Top | Bottom
12 ®Bar No, 5 5 5 S
1= Diameter of Bar dpin 0.625 | 0.625 | 0.625 | 0.625
3 4 Aven of Bar Ay in? 0.31 031 | 0.31 0.31
X ,
b |15 Spacing s in - - 5 5
a
ﬁ% 16 No, of Bars Hpar 38 32 - -
Al
S Avea of Steel Agin? 0.446 | 0.376 | 0.744 | 0.744
g_ 18 Clear Cover ccin 2 1.25 2 1.25
Z
E 19| Effective depth (tension) din 5.0625 | 5.8125 |5.6875| 6.4375
20| Effective depth (comp.) d'in 2.1875 | 2.9375 |1.5625| 2.3125
21 Depth of NA cin 1.35 1.42 1.44 1.81
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MOMENT CAPACITY OF DECK SLAB 2
(BRIDGE 2) 4
Mowment Computations Longitudinal Transverse
22 my My my, m,,
23 Top Bottom Top Bottom,
Z |24 Etop 0.008227 |0.003201 |0.008829 |0.000837
g 25 Ebot 0.001851 |0.009270 |0.000250 |0.007682
e pic ain 1.15 1.21 1.23 1.54
27 |Compression-Conertte | C, Kip -46.91 | —49.29 | -50.03 | —62.70
g rensions Tyop Kip | 26.76 26.76 | 44.64 18.06
Qo9 | CompressionStel | p kip | 2016 | 2253 | 539 | 4464
20 | Bouillbrivum Check [T+ Ckip | 0.00 0.00 0.00 0.00
:
% =1 Mowent M, k-infin | 12.71 14.98 19.30 23.41
0
%
) Top Top Top Top Not
Remarks: Vielded | vielded | Yielded | yielded
Bottom Bottom Bottom Bottom
Mot teloled Mot teloted
Yielded \f Vieloed )
Both steel [Both steel [Both steel |Both steel
n n in n
Tenslon | Tewsion |Tewnsion | Tension
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COMPUTATION OF OVERSTRENGTH FACTOR 3
SINGLE SPAN CASE (BRIDGE 2) 4
Parameter Formula/Definition/Equation Data
1 Ly Span length (center Line) 115.00 ft
Ro rRadius of center Line 1910 ft
E— B wihath 26.4 ft
S |4 L Outer region length LY = (1 + L) L, | 11540 ft
8 4—RCL
U |5 s lwter-Glrder Spactng 6.1 ft
2 b width of Girder + Edoe 10 ft
7 t Deck Thickness 8 in
e Mx Longitudinal Positive Moment per ft 15 k-in/in
9 m'x Longitudinal Negative Moment per ft 13  k-in/in
10 my Transverse Positive Moment per ft 23 k-in/in
11 m'y Transverse Negative Moment per ft 19 k-in/in
g |12 tan 6 tan® = |2 124 (©6=50.8°)
= m, +m,
w
Z 2s
8 1= tan a tana = - 011 (6=6.0°)
M X
8
RS A R B /u 1.17
an 0 Ly my,+m,
<
Z
© tan? a my+m
E |25 kbouna [1 +2 ] 1 + — | = 1.01
> tan? 6 my, +my,
| wp (my, +my) () kpbber, + 2 478 k-ft*
upper y yJ)\25) “bound :
4myb
17 IWDiower (m}, + m,) ( ) kiower, 4 T2 415 k-ft*

Note: *: A unit deflection (& = 1) is considered; therefore, the unit of internal work is in k-ft
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COMPUTATION OF OVERSTRENGTH FACTOR 4
SINGLE SPAN CASE (BRIDGE 2) 4
Parameter Formula/Definition/Equation Data
18 DL pead Load Factor 1.25
19 LL Live Load Factor 1.75
20 SAF Stiffener Allowance Factor 1.15
21 Ve Unit weight of reinforced concrete 0.15 kcf
Avea Load due to veinforced concrete + Lane
§ 22 Wu load DLy~ +LL-%* 0.218 ksf
12 12
b
s |23 Vs Unit welght of steel 0.49 kcf
Z
8 24 v, volume of Girder 148 ft3
(323 25 Ar Area of Rail Cross-Section SSTR 2.75 ft?
S |2¢ v, Volume of Rail = Lidr 317 f?
J
< |27 2 1.25 (L15V,y, + V,v,)/L, 1.42 kit
¥
(b + s —15) for(b+s) <21
2L Lane 2 '
g ¥ ) (b + s —18)for (b+s)>21 125 ft
29 Kiane 1+05 % for (b+s) <21; 1+ %for (b+s) > 21 1.10
30 EWDhs.20 (168 - ziﬁ) Kpane 160 Kk-ft
31 Wer wyL,(b + 0.5s) + W,L, + 2EWD ;55 817 k-ft
32 EWD 0.5 Wer 409 Kk-ft*
g 232 .Qupper IWDupper/EWD 1 17
Y
v
taj 24 Qiower IWDiower/EWD 1.02

Note: *: A unit deflection (8 = 1) is considered; therefore, the unit of external work is in k-ft
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5.2

The following steps are explained to conduct the computational implementation of grillage

analysis of Bridge 2.

GRILLAGE ANALYSIS EXAMPLE OF BRIDGE 2

1. Gather bridge geometry and material information.

Steel Tub Properties (fy = 50 ksi)
) Top Flange Web Bottom Flange
Location : ; : - : -
ft Wldth Thlc_:kness V\/_|dth Thlc_:kness Wldth Thlc_:kness
in. in. in. in. in. in.
0-115 18 1.00 79 0.625 50 1.00
Location Parameter Description/Value
: Harris County,
Location 1-610 y
Year Designed/Year Built 2002/2004
Bridge | Design Load HS25
Length, ft 115
Spans, ft 115
Radius of Curvature, ft 1909.86
Width, ft 26.417
Thickness, in. 8
Deck Haunch, in. 4
Rail Type SSTR
# of Bar Longitudinal Top Row (#5) 40
# of Bar Longitudinal Bottom Row (#5) 32
Rebar | Transverse Spacing Top Row (#5) 5
Transverse Spacing Bottom Row (#5) 5
Rebar Strength (ksi) 60
CL of Bridge to CL of Girder (in.) 79.5
Girder ?L)of Top Flange to CL of Top Flange 86
in.
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2. Determine material constitutive behavior.

Rebar (60 ksi)

Steel (50 Ksi)

Concrete (4 ksi)
Stress Strain
(ksi) (1/in)
—4 —3.79E-03
—4 —3.56E-03
—4 —2.69E-03
—4 —1.78E-03
—3.8205 | —1.40E-03
—2.8718 | —8.69E-04
—0.6403 | —1.78E-04
0 0
0.378 1.06E-04
0.378 1.16E-03

Stress Strain Stress Strain
(Ksi) (1/in) (ksi) (1/in)
—87.9 —0.095 -71.6 -0.1
—-87.9 —0.0944 ~71.6 —0.097
—86.6 —0.0761 -71.6 —0.095
—78 —0.0386 ~71.6 —0.0946
—60.7 —9.80E-03 -70.3 —0.0764
—60.3 —2.08E-03 —62.5 —0.039
0 0 -50 —0.0196
60.3 2.08E-03 -50 —1.72E-03
60.7 9.80E-03 0 0
78 0.0386 50 1.72E-03
86.6 0.0761 50 0.0196
87.9 0.0944 62.5 0.039
87.9 0.095 70.3 0.0764
71.6 0.0946
71.6 0.095
71.6 0.097
71.6 0.1
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3. Create a coordinate system for half width of the span.

-158 5,44) {-151,44)

{-158.5,8) (-144,44) (-79.5,8) 0,8)
(-158.5,0) (-131.5,0) (-113.5,0) (-79.5,0) -45.5,0) (-27.5,0) (0,0)
(-131.5,-) (-113.5-4) (-4555,-4) [-27.5,-4)

(-1315,-4) (-113.5,-4) {-45.5,4) (-27.5,-4)
{-131.5,5) (113.5,5) (-45.5,5) (-27.5,-5)
(-122.8125,-5) (-122.1875,-5) (-36.8175,-5) [/ (-36.1825,5)

-104.5,-84) (-103.875,-84) (-79.5,-84) (-s5.125-84) [/ (545,85)

1 1 ]
(-104.5,-85) (795,85 (-54.5,-85)

4. Create a cylindrical coordinate system for the curved bridge and ensure that the middle
transverse divisions are 7 ft because it will aid in applying the truck load, whose axles are
separated by 14 ft.

A. #of Segments = (M

- ) rounded to nearest even number.
84 in.(7ft)
115 %12

84

((Length«12) — (# of Segments*84))
5 .

# of Segments = ( ) = 16.428,s0 14 was selected.

B. End Segment Length =

(115 + 12) - (14+89) oo

End Segment Length =
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C. Theta = Length

Radius’

115
Theta = 190986 — 0.0602 rad or 3.450 degrees

D. Determine the radial offsets using the outside edge, the outside flange, the inner
flange, and CL of the bridge.

Offsets (in.
Edge 158.5
Qutside Flange | 122.5
Inner Flange 36.5
CL of Bridge 0
Radial Spacing (in.)
A 23077.3 | CL + Edge
B 23041.3 | CL + OF
C 22955.3 | CL + IF
Center Line | 22918.8 | or 1909.86 (ft)
D 22882.3 | CL—IF
E 22796.3 | CL — OF
F 22760.3 | CL — Edge

E. Determine the longitudinal spacing along theta by converting the longitudinal
segment lengths into degrees.
e The first and last segments are 102 in., and the intermediate segments are
84 in. The total length is 115 ft, or 1380 in.

e Radial Spacing (rad) = 2229-5Pacing

Radius

e Radial Spacing (degree) = Radius Spacing (rad) * l;ﬂ
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Long. Radial Radial Spacing
Spacing (in.) | Spacing (rad.) (degrees)

0 0.0000 0.000

102 0.0045 0.255

186 0.0081 0.465

270 0.0118 0.675

354 0.0154 0.885

438 0.0191 1.095

522 0.0228 1.305

606 0.0264 1,515

690 0.0301 1.725

774 0.0338 1.935

858 0.0374 2.145

942 0.0411 2.355

1026 0.0448 2.565

1110 0.0484 2.775
1194 0.0521 2.985

1278 0.0558 3.195

1380 0.0602 3.450

e Int.Transverse Element width = 84 in.

e End Transverse Element = 102 — (%) = 60 in.

5. Input the coordinate system into SAP2000.
A. Select File > New Model > Blank model (making sure units are in kips and in.).
B. Right click on the blank workspace and select Edit Grid Data > Modify/Show
System > Quick Start > Cylindrical.
e In the Number of Gridlines panel, set “Along Z =1.”
e In the Grid Spacing panel, set “Along Z =1.”
e Select OK.
e Delete all R and T Coordinates that were generated.
C. Add correct coordinates for R.

All radial coordinates (A, B, C, D, E, and F).

D. Add correct coordinates for T.
¢ All theta coordinates for T (0 to 1380 in.).
e Click OK.

E. The grid system is now formed.
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3 Define Grid System Data

Grid Linas

. won BT
R Grid
A Grid o ordinate (In} Line Type WViglble Bubble Loc Grid Color
b A 230773 Primany Yes End -
B 230413 Primary Yes End
c 229553 Primary Yes End - 1
D 228823 Primary Yes End
F 227863 Primary Yes End
237603 Primary Yes End
Uisplay Gnds as
T Grid
@ Ordinates O Spacing
Grid ID Angle (deg) Line Type Visible Bubble Loc Grid Color ~ #
1 1] Primary Yes Stat _ E
b2 0265 Primary Yes Stat I [ Hide a1 Grid Lines
* D.465 Primary Yea Stat L ] Delete Glue 10 BN Lines
4 0675 Primary Tes Stat _
5 U85 Primary Yes st [ .
Bubble Size |36
(3 1.085 Primary Yes Stat _
7 1.308 Primary Yes stat [
Z Grid Data Reset to Default Color |
Corid 1D Ordinate (in) Linc Type izible Bubblc Loc Reorder Ordinates |
i} Prmary Tes End Add
Delete
oK | | Cancel
= (B

oYofo

?PPYY
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6. Define material in SAP2000.

A

B.

mo

Click Define > Materials > Add New Material > Material Type (Steel, Concrete,
or Rebar) > Standard (User) > OK.

At the bottom of the window, select the box that states, “Switch to Advanced
Properties.”

In the open window, name the material “Concrete,” “Steel,” or “Rebar”
depending on which material is being defined. Then click “Modify/Show Material
Properties.”

In the Material Property Data window, click the “Nonlinear Material Data” icon.
In the Nonlinear Material Data window, select the “Convert to User Defined”
icon.

Input the number of data points for the stress strain behavior (10 for concrete,

13 for rebar, 17 for steel).

Input the data points for the stress strain behavior.

Select “OK.”

Repeat this process again for the remaining materials.

X
Edit
Material Name Material Type
Concrete Concrete
Hysteresis Type Drucker-Prager Paramsters Units

Takeda w Friction Angle Kip, in, F w

Dilatational Angle

Stress-5train Curve Definition Options
O Parametric
@ User Defined

User Stress-Strain Curve Data

Mumber of Peints in Stress-Strain Curve
Strain Stress Point IO
1 -3.T90E-03 -4, -E
2 -3.550E-03 -4,
3 -2 890E-03 -4
4 -1.720E-03 -4 -C e
5 -1.400E-03 -3.8205
L] -3.890E-04 -2.8718
T -1.720E-04 -0.6403
g 0. 0. s Order Rows
] 1.060E-04 0.378 B
10 1.160E-03 0.378 E
oK Cancel
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7. Define frame cross sections in SAP2000.

ﬂE LA

M N AR R e

€ section Designer - O X
File

cady X =85.75Y =-36.95 Kip,in, F Done

A. Click Define > Section Properties > Frame Sections > Add New Properties.

B. In the Frame Section Properties drop-down box, select Other and click Section
Designer. In the SD Section Designer window, name the section B2Long and
click the Section Designer icon.

C. Using the Polygon feature, draw the features of the half width of the bridge from
Step 3. Features include one rail, two concrete deck pieces, two concrete
haunches, two top flanges, two webs, and two pieces of the bottom flange.

¢ To change material types for the polygons, right-click on the polygon and
select the desired material type from the material drop-down menu.
¢ To change the coordinates of the polygon’s nodes, use the Reshaper tool.

D. Add in the longitudinal rebar to both concrete deck elements by using the Line
Bar from the Draw Reinforcing Shape tool. From the design drawings, it can be
determined that there are 11 #5 top bars and nine #5 bottom bars in the outer
concrete deck element and nine #5 top bars and seven #5 bottom bars in the inner
concrete element, with a 2 in. top cover and transverse reinforcement. The top
bars are located at 5.0625 in. with a 1.25-in. bottom cover, and transverse
reinforcements are located at 2.1875.

E. Click Done.

Edit View Define Draw Select Display Options Help

flepeepl EH LS

F. Repeat this process for the transverse elements.
¢ At the SD Section Designer window select Modifiers and set Mass and
Weight to 0 in order to not double-count the dead weight.
e The interior transverse members are 84 in. wide (end members are 60 in.
wide), with #5 rebar at 5 in. spacing at 5.6875 in. and 1.5625 in.
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G. To generate an exterior longitudinal member and an interior longitudinal member,
make two copies of the B2Long section. Label one LongOut and the other
Longint.

e For the LongOut, delete every element right of the CL.

W Saction Designer o
s e R ey e i
I PRAPLH M ES
& —
*
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e
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e
T e
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e For the Longlnt, delete every element left of the CL.

sl o x

sy

View Define  Dew  Seiest  Onpls e

% Dapley Options M
I f pRrAPEH MBS

o Teny T T | Done
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H. To generate a simulated fracture section, make copies of LongOut and Longint.
e Name the LongOut copy FracOut.

Delete the bottom flange, web, and top flange of the steel tub.

t View Define  Disw  Select Digplyy Optione  Halp
S papppEH BB LS
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e Name the LonglInt copy Fraclint.
Delete the bottom flange, web, and top flange of the steel tub.
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8. Generate plastic hinges for frame elements in SAP2000.
A. Define > Section Properties > Frame Sections.
B. Select the desired cross-section. Hinges will need to be made for the LongOut,
Longlnt, FracOut, Fracint, Trans, and TransEnd.
C. Once selected, click Modify/Show Property > Section Designer.
D. Once in the section designer, select the Moment Curvature Curve tool.
E. Inthe Moment Curvature Curve window, select Details.
e Copy the Moment Curvature data to an Excel file.
e Select OK.
F. Inthe Moment Curvature Curve window, change the angle (deg) to 180, then
select Details.
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e Copy the Moment Curvature data to the same Excel file as was done
previously.
e Select OK.

G. Generate a Normalized Moment Curvature diagram.

e Normalize the moments by dividing each of the positive moments by the
maximum positive moment and the negative moment by the maximum
negative moment. Next, divide the curvatures by the curvatures
corresponding to the maximum and negative moments.

e Plot the normalized positive and negative moment curvatures on a chart.

¢ Create a hinge moment curvature plot on the same chart with four positive
moment points and four negative moment points without generating a
negative slope.

A B C D E F G H | J K L M N o} P Q R S T u v w
1
2 |Positive Normalized
3 |Concrete ! Neutral A:Steel Strai Tendon St Concrete (Steel Cor Steel Ten: Prestress Net Force Curvature Moment M C
4 0 0 0 0 0 0 0 0 0 0 0 0 0.00 15
5 |-7.54E-04 -0.28 9.53E-04 0 -1185 -98.3936 1283.824 0 0.0125 1.32E-05 113885 0.454091 0.22
6 |-1.84E-03 1106 2.43E-03 0 -2473 -213.797 2685.704 0 -0.7189 3.31E-05 228216 0.909959 0.56 1
7 |-3.06E-03 5.3861 4.63E-03 0 -2986 -205.926 3191.444 0 -4.14E-02 5.96E-05 250733 1 1.00
8 |-4.63E-03 6.6997 7.32E-03 0 -3161 -234.918 3396.077 0 -0.1158 9.26E-05 245937 0.980618 1.56 .
9 | -6.64E-03 6.5511  0.0104 0 -3129 -349.403 3477.927 0 -0.0659 0.000132 234212 0.933867 222 E e
10 | -9.02E-03 6.2104 0.014 0 -3004 -514.419 3518.052 0 0.0335 0.000179 228003 0.303343 3.00 E" o
11|-1196-02 5425  0.018 0 -2812 -708.809 3520.728 0 -0.1453 0.000232 223859 0.892587 3.89 Ta000 3000 2000 1000 0p0 1000 2000 3000
12| -0.0256 -31.1492 0.012 0 0 -1883 1882.917 0 -0.4252 0.000291 153264 0.611105 4.89 '% 05
13| -0.0313 -30.9535 0.0148 0 0 -1830 1830.471 0 0.3358 0.000357 153336 0.613865 6.00 E Positive
14| -0.0376 -30.7525 0.0179 0 0 -1897 1897.551 0 0.3651 0.00043 154625 0.616532 7.22 = " Negative
15| -0.0446 -30.8267  0.0211 0 0 -1918 1916.933 0 -0.6171 0.00051 156301 0.623215 8.55 Hinge
16| -0.0522 -30.883 0.0247 0 0 -1978 1977.314 0 0.0143 0.000536 161297 0.643135 10.00 s
17| -0.0603 -30.9435 0.0285 0 0 -2048 2048.255 0 0.0293 0.000688 167050 0.666074 11.55 .

Normalized Curvature

18| -0.0691 -31.0003 0.0325 0 0 -2127 2126.823 0 0.0228 0.000788 173468 0.691664 13.22
19| -0.0785 -31.1408  0.0368 0 0 -2208  2208.25 0 0.0243 0.000833 180046 0.717832 15.00
20| -0.0883 -31.1394  0.0414 0 0 -2282 2282.484 0 0.7215 0.001006 186020 0.741712 16.89 M C
21 -0.0988 -31.1509 0.0463 0 0 -2327 2326.757 0 0.0915 0.001125 189616 0.756051 18.89 -1.35 -35
22| -0.1099 -31.1%6 0.0515 0 0 -2371 2370.534 0 0.0316 0.001251 193172 0.770229 21.00 -L.35
23| -0.1215 -31.1605 0.0569 0 0 -2414  2414.281 0 0.0211 0.001383 196731 0.78442 23.22 -1 -1
24 -0.72 -0.56
25 0 0
26 |Negative 0.91 0.56
27 |Concrete ! Neutral A: Steel Strai Tendon St Concrete (Steel Com Steel Tens Prestress Net Force Curvature Moment 1 1
28 0 0 0 0 0 0 0 0 0 0 0 0 0.00 1 3
2al.feacaa 90 A0 5 noe.na 0 41245 .70977 307 0417 0 .8771387 137608 AARAS -n 4866 -7 1 1

H.

Define Hinge Length.
The hinge length is one half of the section depth.

0 Hingeyyngy = 0.5 % (Deck thickness + haunch height +
top flange thickness + web height +
bottom flange thickness)
a. Hingeyyng = 45.5 in.
0 Hingegyqc = 0.5 x (Deck thickness + haunch height)
a. Hingepyq. = 6 in.
0 Hinger,qns = 0.5 * (Deck thickness)
a. Hinger,yqns = 4 in.
Make the plastic hinge in SAP2000.
e Select Define > Section Properties > Hinge Properties > Add New
Properties.
e In the Type window, select Moment Curvature and input the
corresponding correct hinge length.
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e In the Moment Curvature table, insert the four positive and four negative
normalized moment curvatures and the zero point.

e Uncheck the symmetric box and select the Is Extrapolated option in the
Load Carrying Capacity beyond Point E window.

e In the Scaling for Moment and Curvature window, insert the maximum
positive moment and corresponding curvature as well as the maximum
negative curvature and corresponding curvature.

e In the Acceptance Criteria, use the values 1, 2, and 3 for Immediate
Occupancy, Life Safety, and Collapse Prevention in the positive column
and —1, —2, and —3 for the negative column.

¢ Repeat for all remaining frame sections (LongOut, Longlnt, FracOut,
Fraclnt, Trans, and TransOut).

:K: Frame Hinge Property Data for LongOUT - Moment M3 X
Edit
Dizplacement Control Parameters
Type
Point Moment/SF Curvature/SF 2 (O Moment - Rotation
- -1.35 -35. (® Moment - Curvature
D- -1.35 -25. Hinge Length 45.5
C- -1 -1,
Relative Length
| B 072 -0.56 “I 0 g
A 0. 0. == Hysteresis Type And Parameters.
B 0.91 0.58
C 1. 1. Hysteresis Type Isotropic e
[ symmetric
D 1. 3. v Mo Parameters Are Required For This
4 4 Hysteresis Type
Load Carrying Capacity Beyend Point E
O Drops To Zero
@ |z Extrapolated
Scaling for Moment and Curvature
Positive Negative
[ Use *Yield Moment Moment SF 250758 |144D 85. |
[] Use Yield Curvature  Curvature SF | 5.960E-05 5.860E-05 |
(Steel Objects Onby)
Acceptance Criteria (Plastic Curvature/SF)
Positive: Negative
- Immediate Occupancy |1. |—1. |
Life Safety B 2 | Cancel
Collapse Prevention | 3. |—3. |

[] Show Acceptance Criteria on Plot

Assign frame members to grid.

A. Select the Draw tab > Quick Draw Frame/Cable/Tendon.
B. In the Section drop-down menu, select LongOut.
C. Click on every grid segment on second-to-last longitudinal grids (B and E).
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Properties of Object n
Line Object Type Straight Frame

Section LongOUT

Moment Releases Continuous

XY Plane Offset Normal 0.

D. Change the section to Longlnt and repeat Step C but for the two interior
longitudinal grids (C and D).

E. Change the Section to TransEnd and repeat Step C but for the end transverse grids
(1 and 17).

F. Change the Section to Trans and repeat Step C but for all other transverse grids (2
to 16).

Properties of Object n

Line Object Type Straight Frame

Section Trans

Moment Releases Continucus

XY Plane Offset Normal 0. | |l
(ot
(=t
(=t
( E —
(=
( E —
[ E —
( E —
( E —
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10. Assign hinges to frame elements.
A. The longitudinal hinges are placed at the ends of the longitudinal frame elements
or at a relative distance of 0 and 1.
B. The transverse hinges are placed at a distance of half a top flange width away
from the node.

18

. half flange width 2
e Hinge Loc. = =1--2=0.75.
9 FtoE Element Width 36
. __ half flange width __ 18/2
* Hinge LoC.gtopandcton = g™ = 5o = 0-1046 and (1 —

0.1046) or 0.8954.
e Hinge LoC.ptpc =
0.1046) or 0.8767.

e Hinge LoC.gtp 4=

half flange width _ 18/2
Element Width 73

= 0.1233 and (1 —

half flange width _ 18/2 0.25
Element Width 36
C. In SAP2000, assign the hinges to corresponding frame elements.

e Select the desired frame elements you wish to assign hinges to, such as
LongOut. (The elements will turn from blue to yellow).
¢ In SAP2000, select the Assign tab > Frame > Hinges.
o0 From the drop-down menu, select LongOut and set relative
distance to 0 and click Add.
o0 From the drop-down menu, select LongOut and set relative
distance to 1 and click Add.
o Click OK.
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H Assign Frame Hinges >
Frame Hinge Assignment Data

Relative
Hinge Property Distance
LongOUT L
LongOUT 0
LongOUT 1| Add Hinge... |

Modify/Show Auto Hinge..

| s e |

Current Hinge Information
Type: User Defined

DOF: Moment M3

Options
) Add Specified Hinge Assigns to Fxisting Hinge Assigns
(® Replace Existing Hinge Assigns with Specified Hinge Assigns

Existing Hinge Assignments on Currently Selected Frame Objects
MNumber of Selected Frame Objects: 32
Total Number of Hinges on All Selected Frame Objects: 0

Fill Form with Hinges on Selected Frame Object

| QK | ‘ Close | | Apply ‘

¢ Repeat the previous step of assigning the hinges for all other frame

elements.
\ |

N
"SHS(LongOUT) “35Hd(Long\NT) “GZHd(Long\NT) ..SOHB(LongOUT)
m - =13‘ H3(Tr5ﬂﬁﬁH2(Tran5) .. 136H (Trarg]aﬁHsiTran%ﬂ35H4(Tr.1r§144H3(Tran51 I1MH (Trins_‘l_)?Hzﬁrans)
“2H4(LongOUT) “34H3(L0ngINT} “SBHS(LongINT) “31 H4({LangQuT)

q
31H3(L UT,
/ $2H3(LongouT) 439H4(LongINT) &, B3H4(LongINT) Pt (LangQUT}
( N ] 2 133H3(TrangyH2(Trans) '137H gTraWJSBHngraniyast' Trans]45H3({Trans 145H4(TrangpH3(rrans)
o H4(LongouT) 433H3(LongINT) @B4H3(LongINT) 432H4(LongOUT)

;/
& TH3(LongouT) 433H4(LongINT) $54H4(LongINT) 432H3(LongOUT)

65H2(TrapSENB(TransENRESH4({Trans EBIBGE( TransERDH4(TransEBEBRE(TransENDESHA(TranSENBTfansEND)
& L * & & &
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11. Assign loads to the frame elements.
A. Wheel Axle Loads

o Axle loads will be placed at distances of 36 in., 108 in., 180 in., and
252 in. from the outside of the curved edge.

¢ One line of the 16 kip axles will be placed at the halfway point of the
bridge, or Transverse Grid 9, with the second line 14 ft away at Transverse
Grid 7. One line of 4 kip axles will be placed 14 ft away from the first line
of axles, at Gridline 11.

¢ In SAP2000, the loads have to be placed at a relative distance, so this

value needs to be calculated.
L1—36 _ 36-36

0 HS204xe11 Loc (B-4) = L. 36 0.

O HS2045012 10c (c-p) = "t = 2 = 01628,

o HSZOAerLOC 0-0) — L1+L2:L3—180 — 36 + 86 ;‘373—180 — 02055

o HSZOAxel4LOC (E-D) — L1+L2+L}4+L4—252 — 36+86+7836+86—252 — 03372

B. Lane Loads
e Lane Loads are lane loads of 0.640 kip/ft (0.05333 kip/in.) centered at a
distance of 96 in. and 240 in. from outside of the curved edge.
e These lane loads will be placed on the longitudinal frame elements. They
will be assigned to elements along the B, C, D, and E longitudinal
elements according to the appropriate tributary distance.

O LaneLoadg = (M) * laneload = (M) *

2 86

0.05333 = 0.016124%.

0 Laneload; = laneload — laneloady = 0.05333 — 0.016124 =
0.037209=".
" (Ly+Ly+Lg+Ly— 240
Ly

0 Laneloadp = (
(= 204 0.05333 = 0.0254265 "
0 Laneloadrp = laneload — laneload, = 0.05333 — 0.025426 =

0.027907 X2,
m.

C. In SAP2000, first define the load patterns.
e Select the Define tab > Load Patterns.

0 Under the Load Pattern Name, enter HS-20 and change the type in
the drop-down menu to Live. The self-weight multiplier should be
set to 0. Then click Add New Load Pattern.

0 Under the Load Pattern Name, enter LaneLoad and change the
type in the drop-down menu to Live. The self-weight multiplier
should be set to 0. Then click Add New Load Pattern.

o Click OK.

) x laneload =
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Load Patterns Click To:

Self Weight Auto Lateral
Load Pattern Name Type Multiplisr Load Pattern Add New Load Pattern

|I}EAI} | Dead ~ Modify Load Pattern

DEAD Desd |« | |
HS20 Live 0
LanelLoad Live 0 ry
Delete Load Pattern
¥ Show Load Pattern Notes...

Cancel

o Assign the wheel loads in SAP2000.

0 Select the exterior transverse element of Gridline 9 and 7.

o0 Click Assign > Frame Loads > Point.

0 From the Load Pattern drop-down menu, select HS-20 and verify
that the coordinate system is set to Global, the Load Direction is
Gravity, and the Load Type is Force.

0 InColumn 1, enter a relative distance of 0 ( Axle 1, Loc. B-A) and
load of 16 Kips.

o Click OK.

0 Repeat for Gridline 11 to assign the 4 kip load.

0 Repeat Steps 1-6 for Axle 2,3, 4, Loc. C-B, D-C, and E-D.

e Assign the Lane Load in SAP2000.
o0 Select all exterior longitudinal frame elements along Gridline B.
o0 Click Assign > Frame Loads > Distributed.
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o From the Load Pattern drop-down menu, select Lane Load and
verify that the coordinate system is set to Global, the Load
Direction is Gravity, and the Load Type is Force.

o0 Inthe Uniform Load box, enter 0.016124 (Lane Load B).

o Click OK.

0 Repeat Steps 1-5 for all of the longitudinal elements along
gridlines C, D, and E.

12. Define load cases.

A. The load case being used to determine redundancy is 1.25DL + 1.75(LL + IM).
Where DL = Dead Load, LL = Live Load, and IM = Impact Load. When
substituting in the truck load and the lane load, the preceding equation reduces to
1.25DL + 1.75LanelLoad + 2.33HS20.

B. Generate load cases in SAP2000.

e Click Define > Load Cases > Add New Load Case.

e In the Load Case Name Panel, name the load case “LC1.”

e In the Analysis Type, select “Nonlinear.”

e For the LC1 Load Case in the Stiffness to Use panel, select “Zero Initial
Conditions.”

e In the Loads Applied panel, leave the Load Type “Load Pattern” in the
drop-down Load Name menu, select DEAD and change the Scale Factor
to 1.25. Click Add. Change the Load Name menu, select HS-20, and
change the Scale Factor to 2.33. Click ADD. Change the Load Name
menu, select Lane Load, and change the Scale Factor to 1.75. Click ADD.

e In the Other Parameters panel, in the Results Saved section, click
Modify/Show.
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e In the Results Saved for Nonlinear Static Load Cases window, change the
Results Saved to Multiple States, and in the For Each Stage panel, change
the Minimum Number of Saved Steps and the Maximum Number of

Saved Steps to 20. Click OK.

e Click the OK on the Load Case Data window.

¢ Repeat the previous 8 steps mentioned in B to create an LC2, LC3, and
LC4. However, in the Initial Conditions window, select Continue from
State at End of Nonlinear Case, and from the drop-down menu, select the
preceding load case. (For LC2, the Nonlinear Case LC1 would be

selected).

Load Case Name Motes
|LC1 Set Def Name Modify/Show...
Initial Conditions.
@ Zero Initial Conditions - Start frem Unstressed State
O Continue frem State at End of Nonlinear Case

mportant Note Loads from this previous case are included in the current case
Modal Load Case

All Modal Loads Applied Use Modes from Case MODAL

Loads Applied

Load Case Type

Static ~ || Design...
Analysis Type

() Linear

@ Nenlinear

O Nonlinear Staged Censtruction

Geometric Monlinearity Parameters

@ MNone

() P-Detta

O P-Diefta plus Large Displacements

Load Type Load Name Scale Factor
Load Pattern ~ | DEAD . Maszs Source
Load Pattern DEAD 1.25 Add Previous -
Load Pattern HS20 233
Load Pattern Laneload 175
Modify
Delete
Other Parameters
Load Application Full Load Modify/Show...
Results Saved Wultiple: States Modify/Show... Cancel
Menlinear Parameters. Default Modify/Show...

13. Define end supports.

A. The elastomeric bearing pads for each girder have a lateral stiffness of 12 kip/in.
and a vertical stiffness of 6100 kip/in. Since the tub girders are divided in half, the
lateral stiffness will be 6 kip/in., and the vertical stiffness will be 3050 kip/in.

B. Assign spring supports in SAP2000.

e Select the eight nodes at the very end of the longitudinal members.

e Click Assign > Joint- >Springs.

e In the Assign Joint Springs window in the Simple Springs Stiffness panel,
enter 6 for Translation 1 and 2 and 3050 for Translation 3.

e Click OK.
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14. Define CL data acquisition points mid-span of girder.

A

B.
C.

Select the transverse frame elements between B and C and between D and E at
mid-span (Gridline 9).

Click Edit > Edit Lines > Divide Frames.

In the Divide into Specified Number of Frames window, enter 2 for Number of
Frames.

Click OK.

T A

Paint \"-

15. Analyze the nonfracture structure for dead load only.

A.
B.

C.
D.

m

In SAP2000, click Analyze > Run Analysis.

In the Set Load Cases to Run window, click the Run/Do Not Run All button until
every Action is Do Not Run.

Select DEAD then click Run/Do Not Run Case until the action is run.

Click Run Now. Let SAP2000 run the load cases until the screen says the analysis
is complete.

Once the analysis is complete, select Spring Reactions.

Click Display > Show Tables

In the Choose Table for Display window, click the + symbol beside Joint Output
and select the square box beside Reactions.

In the Output Options window in the Nonlinear Static Results panel, select Last
Step.

Select and copy the information from the F3 column.
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J.

K.
L.

The sum of the F3 values is the dead load.
Click Done.
Unlock the structure.

16. Analyze the nonfractured structure.

A
B.

nmo

In SAP2000, click Analyze > Run Analysis

In the Set Load Cases to Run window, click the Run/Do Not Run All button until
every action is Do Not Run.

Select LC1, LC2, LC3, and LC4 and then click Run/Do Not Run Case until the
action for all four is run.

Then click Run Now.

Let SAP2000 run the load cases until the screen says the analysis is complete.
Once the analysis is complete, select the data collection point on the transverse
member on the outside girder (C-B).

Click Display > Show Tables.

In the Choose Table for Display window, click the + symbol beside Joint Output
and select the square box beside Displacements.

X

Edit

=-[0 MODEL DEFINTION (0 of 70 tables selected)

#-[] System Data

-] Property Definitions

-0 Load Pattern Definitions

+-[] Other Definttions

©-[] Load Case Definitions

©-[] Connectivity Data

©-0] Joint Assignmente

©-[] Frame Assignments

+|:| Options/Preferences Data

+-[] Miscellaneous Data

=B AMALYSIS RESULTS (1 of 10 tables selected)
=@ Joint Output

- Dizplacements

[ Reactions

-0 Joint Masses

#-[] Element Output

+-[ Structure Qutput

Load Patterns (Model Def.)

Select Load Patterns. ..
3 of 3 Selected

Load Cazes (Results)

Select Load Cases...
4 of 4 Selected

Modify/Show Options...

Options

Selection Only
[ Show Unformatted

Named Sets

Save Named Set...

| oK | Cancel

Table Formats File... Current Table Formats File: Program Default

I. Click the Modify/Show Options button.

J.

In the Output Options window in the Nonlinear Static Results panel, select Step-
by-Step.

54



':f Output Options >

Base Reactions Location

Glokal ¥ 0 in
Global Z 0 in

Menlinear Static Results
() Envelopes
(® Step-by-Step

O Last Step In-and Out of Phase

Cancel

K. Click OK.

L. Select and copy the information from the Output Case, StepNum Unitless, and the
U3 in. column and paste them into an Excel worksheet. These columns represent
Load Case, Step Number, and Deflection for the Outside Girder, respectively.

3 Joint Displacements - m| X
File View Edit Format-Filter-Sort  Select  Options

Units: As Noted Joint Displacements ~

Fiter: m /\ m
Joint Oulpuwpe StepType W u1 uz v R1 R2 R3 &
Text Text Text Unitless in in in Radians Radians Radians
] Lc1 NonStatic Step 0 0 0 o 0 0 o
103 Lc1 NonStatic Step 1 0.002545 7.7E-05 -0.087928 -2681E-08 0.00016% 5.324E-08
103 LC1 NonStatic Step 2 0.00509 0.000154 -0.175851 -5.363E-06 0.000338 1.085E-07

M. Click Done.

N. Select the data collection point on the transverse member on the inside girder
(E-D) and repeat Steps G-L. However, for Step L, there is no need to copy Output
Case, Step Num Unitless again.

O. Select the joint on the transverse member on the outside girder at Transverse
Element 9 (at Longitudinal Element B) and repeat Steps G—L. This information
goes into the Delta 4 column. However, for Step L, there is no need to copy
Output Case, Step Num Unitless again.

P. Select the joint on the transverse member on the outside girder at Transverse
Element 9 (at Longitudinal Element C) and repeat Steps G—L. This information
goes into the Delta 3 column. However, for Step L, there is no need to copy
Output Case, Step Num Unitless again.
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Q. Select the joint on the transverse member on the inside girder at Transverse
Element 9 (at Longitudinal Element D) and repeat Steps G-L. This information
goes into the Delta 2 column. However, for Step L, there is no need to copy
Output Case, Step Num Unitless again.

R. Select the joint on the transverse member on the outside girder at Transverse
Element 9 (at Longitudinal Element E) and repeat Steps G—L. This information

goes into the Delta 1 column. However, for Step L, there is no need to copy
Output Case, Step Num Unitless again.

A B C +] E F a

H 1 ] K L M v x ¥ AL AR AC AD
1 Intact 06 CL G CL Point 4 I_ Point 2 Point 2 Point 1 Applied 06 15
Load Case |LoadStep| 0 |Delta(in}| Chord{rad) | Delta(in) | chord (rad) |Delta fin) |Detta (in)|Delta fin) [Detta (in |a 23 trad | 32 ra)] 2™ | cugeal) |oetta [hll SB[ ]| B0 | G =
2 [kip} [deg) [deg) | (deg) | (deg)
3 LK1 0] 0 [ 0.00000| [ 0.00000| 0] 0 0 [ 0] 0] 0] 0.00}
L1 1 0.05 =0.1037] 0.00015] -0.087920 0.00013) -0.10541) -0.10129|  -0.0942| -0.07905| 7.89e-05) 4.54£-05) G| 0.05) 0.10[  0.00861)
5 L1 2| 0.1 -0.2074 0.00030| -0.175851 0.00025| -0.21081| -0.20259| -0.18839| -0.15803( 0.000138| 9.B8E£-05| 132] O.JD| 0.21] 0.0172_2[ 0.15] 0.01460| 0.003043| 0.005662

S. Once all the data are collected, unlock the model by selecting the Lock tool on the
left hand side of the SAP2000 screen.
17. Analyze the fractured structure.

A. At mid-span along Gridline 9, replace the hinges of the outside longitudinal
element (Gridline B) with FracOUT hinges according to Step 10.

B. At mid-span along Gridline 9, replace the hinges of the first interior longitudinal
element (Gridline C) with FracInt hinges according to Step 10.

. . 22H1{LengbUT)
— | I|‘.||,- engOUT) lf-a--;‘rl angINT) 1"'""-' ongINT) ! I
{LengOLl ) gl Traced3H 1 Tean 1032 Tead @1 Trans)
| 1001 TeakliH1i Trans) g 10THRIT ! (Tranal 122 L
-~ _ o 100 . . 23H2(LengBUT)
[ 10H2(LengSUT) 44H1(LongINT) 431 LengINT)
| -~ ZiLangSUuT)

| —

- BH1{LangOUT) 45H2(Leng

|'¥|n T Transl lﬁﬂl"lrl.
! o J BHZ{LongOUT) 40H1(
|

- l BH1{LongOUT) 40H2(LengINT) (Lang

o0 1141 {TraidBH1Trans) 118H{Trary 1 TH1 (Trangi! 1 7H2{Trag
| } N TH2(LongSUT) 30H1(LangINT) S8H1iLang

)
1 8 I 51
JT H2(LangDUT)

C. Repeat Step 15 for the Fractured Case and collect the data accordingly.
18. Post-process the data.

A. In the Excel Sheet, the following values need to be calculated for each step.

e Omega (Q).

1
2; =0;_ .
0= it (# of Steps in Load case)

¢ Longitudinal Chord Rotation of Interior and Exterior Girder.
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5
0 Chord Rot.singie span = —1 * (ﬁ) (rad).

e Transverse Deck Rotation.
0 a, 5= (M) _ (ﬂ) (rad).

N w

0 g =(22) - (22 (rad).

S w
0 Where s = spacing between the interior top flanges of the inside

and outside girders and w = spacing between the top flanges of the
same girder.
e Applied Load.
0 Calculate unit applied load or applied load at 1 Q.
0 Unit Applied Loadgingie span = 1.25 *
Total Reactions from Dead Load Case + 2 x (2.33 *
HS20 truck + 1.75 * Lane Load).
0 Applied Load = Unit Applied Load * (2
B. Repeat Step A for the fractured case.
C. Calculate the initial stiffness for the intact bridge and instantaneous stiffness for
fractured bridge.
e For the nonfractured condition (intact bridge), find the absolute
displacement for the outside girder at an Q value of 0.4:

0.4
Absolute Displacement 0G (at 2 = 0.4)

Initial Stif fness =

e For the Fractured case, add an additional column labeled stiffness:

_ 0;—0;_
Instantaneous Stif fnesspg_rraci = 6l 5l -,
i—0i-1

D. Failure of the structure occurs at the Q of the fractured bridge at the first of the
following criteria:
¢ The instantaneous stiffness for the fractured outside girder is less than
5 percent of the initial stiffness of the intact outside girder.
¢ The chord angle of the outside girder for a simple span or interior spans is
greater than 2 degrees. The chord angle for exterior spans of multi-span
bridges is greater than 3 degrees.
e The transverse deck rotation is greater than 5 degrees.
E. On a chart, plot the nonfractured outside and inside girder as well as the fractured
outside and inside girder with displacement on the primary x axis and the total
force on the primary y axis and Q on the secondary y axis.
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Chord Angle, 0 (deg.) Relative Slope, 0 (deg.)
4 6 8 0 1 2 3 4 5 6
5000 f——t—t— F——t—— '

Long. -Outer Flange OG

Transverse Negative

Qutside Girder (0G)
— — = Inside Girder (IG)
OG-Intact Bridge
— — = IG-Intact Bridge

[9%)

%

S

S
!

Transverse Positive

3000 3

Total Load, P (kips)
%]
w
(=]
S
Overstrength, Q

Maximum Deflection, & (in.)

5.3 OVERALL RESULTS FOR BRIDGE 2

Table 5.1 and Figure 5.2 presents the overall results for Bridge 2. In addition to plotting the
foregoing upper- and lower-bound yield line solutions and the grillage overstrength (load) versus
deflection results, for the sake of completeness, FEM results have also been included in Table
5.1 and in Figure 5.2. Clearly, all methods indicate that Bridge 2 could be reclassified as
nonfracture critical. It should be noted that while yield line results provide the collapse load
capacity, the analysis is silent on the deformation limitations. Such results, however, are

provided by both grillage and FEM solutions.

Table 5.1. Results Summary of Bridge 2.

Single Span (115 ft)

Method of Analysis Overstrength Factors
QUpper Bound 1.17
Yield Line
Yield Line Theories
Q}L/gu{gasound 1.02
Le me
Grillage Analysis Qerinage L
FEM Qrem 1.65
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Total Load, P, (kips)

Chord Angle, 0 (deg.) Relative Slope, 0 (deg.)

0 1 2 3 4 5 6 0 1 2 3 4 5 &6

3500 . L1 I L1 I L1 I L1 I L I L1 I L1 1 : Il : Il : 1 : L : L i
3000 + [
2500 + T
2000 + T
1500 ] r ‘ _:
1000 1 ——FEM-0G I
] ——Grillage-0G L

300 1 ——VL-UB r
YL-LB r

o +—+———+———r—+—r——+t——t+——t——t——trri L

0 10 20 30 40 50 60 70 80
Maximum Deflection, 6 (in.)

(i) Load displacement (ii) Deck rotations
Figure 5.2. Comparison of the Results for Bridge 2, Lx = 115 ft.
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6. BRIDGE 5

6.1 YIELD LINE ANALYSIS EXAMPLE OF BRIDGE 5

This section presents the steps to calculate the reserve capacity (overstrength factor) of Bridge 5
using the yield line analysis (grillage analysis is explained in the next sub-section). Figure 6.1
presents the geometric details of the two exterior spans of Bridge 5, which are further illustrated
in detail in Appendix B.

|
Outside Steel Tw:'n|Tub Girder (Fractured)

M Lx =140
s=9.7 Inside Steel Tw:‘n!Tub Girder (Intact) <. [B=30

b=10.2 L j

(a) Bridge 5, Span 1 (L, = 140 ft)

Outside Steel waniTub Girder (Fractured)

|
N Ly=139.60

Inside Steel Tw:‘n!Tub Girder (Intact)
|

s=9.7

b=10.2

(b) Bridge 5, Span 2 (L, = 139.60 ft)
Figure 6.1. Schematic Diagrams of Bridge 5 (Ry, = 450 ft).

This section presents the stepwise procedure of the yield line analysis conducted to establish the
upper-bound and lower-bound solution range for the overstrength factor as per the procedure
described in Section 3.

The moment capacities of the deck slab are computed in the same way as described in
Section 5. The overstrength factors are also calculated using the same procedure as mentioned in
Section 5. Bridge 5 is a two-span bridge which is why the spans have one continuous support.

The moment capacities of the intact section at the continuous support are computed as the
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positive and negative moment of the intact section using the similar procedure as that followed
for calculating the moment capacities of the deck slab alone (explained in Section 5). The
difference being the additional elements of the girder cross-section that contribute to the flexural
strength. The intact cross-section of the bridge, including the girders, at the continuous supports
is considered.

The geometric parameters namely B = the total width (breadth) of the deck slab,

t =thickness and A = thickness of haunch are noted from the structural plans. The various
material properties of concrete and steel are obtained from the bridge plans and the reports
associated with the respective bridges. These properties include f, = the specified compressive
strength of concrete, £ = the maximum strain at the extreme concrete compression fiber
(computed as per Section 22.2.2 of ACI-318 (2017) which states the “assumptions for
concrete.”), f,, = the yield strength of steel of the reinforcement bars, F;, = the yield strength of
the steel of STTG, £'=the Young’s modulus of steel of and ¢, and &, = the yield strain that is
the ratio of yield strength and Young’s modulus of steel, of the reinforcement and the SSTG,
respectively.

There are additional number of bars provided for extra strength at the supports that are
denoted by “bent.” The details of the reinforcement such as # top sars = the number of top bars,

# top bars bent = the number of top bars at bent, # sottom bars = the number of bottom bars,

db top tra = the diameters of the transverse top bars, db bottra = the diameters of the transverse
bottom bars, db top 10ng = the diameters of the longitudinal top bars, db tp 10ng’= the diameters of
the longitudinal top bars at bent, db sor 10ng = the diameters of the longitudinal bottom bars and the
clear cover for each type of bar are recorded with suitable subscript to cc.

The STTG dimensions such as D, = depth of girder (overall), b,f = top flange width,

t.r = top flange thickness, b,, = web width, t,, = web thickness, by, = bottom flange width and
tpr = bottom flange thickness are also tabulated.

The composite area neutral axis is found by using n which denotes the ratio of yield
strength of steel of reinforcement and that of the STTG to express the area computations in terms
of an effective area. The positive moment capacity is found by the similar procedure for
computing the compressive and tensile forces as explained in Section 5 whereas the negative
moment capacity is found by using the equal area method of plastic analysis where the areas of
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compression and tension zones are calculated. The neutral axis for the positive moment capacity
is obtained by equating the compressive and the tensile forces while the plastic neutral axis for
the negative moment capacity is calculated by equating the areas in compression and tension.
The depth of compression zones from the top is denoted by c and is indicated by blue
highlighting. y = the portion of the width of web in compression and y' = the portion of the
width of web in tension. The depths of the compressive and tensile forces from the neutral axis
are computed for the positive moment capacity while the depths of the center of gravity of
compressive and the tensile areas from the plastic neutral axis are calculated for the negative
moment capacity. The neutral axis and the plastic neutral axis may lie either in the web or in the
top flanges and those sections are denoted by the subscripts 1 and 2 for the top-half and the
bottom-half of the element of girder in which the neutral axes lie, respectively.

For the positive moment capacity, the net tensile strain in the extreme steel components
of the section respectively, are determined from a linear distribution (ACI-318 2017). The
compressive and tensile forces are computed in the similar method explained in Section 5. The
compressive forces and areas are denoted by a negative sign while the tensile forces and areas
are denoted by positive sign. The concrete is assumed to be completely cracked for the negative
moment capacity and is not considered for the tensile area. The positive moment capacity is
obtained by taking the moments about the neutral axis and negative moment capacity is
calculated by taking moments about the plastic neutral axis.

The yield line mechanism engages only the outer half of the bridge cross-section.
Therefore, only half of the intact moment capacities are used. The positive intact moment
capacity is used for obtaining the exact location of fracture in the end spans that is needed to
develop the value of the fraction of the span length from the exterior support at which the girder
is fractured, A. The 1 is set to 0.4 as a result of a detailed analysis explained in the TXxDOT (0-
6937) report on Fracture Critical Steel Twin Tub Girder Bridges. The negative intact moment

capacity is used for the internal work done at the interior supports.
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MOMENT CAPACITY OF DECK SLAB 1
(BRIDGE 5) 9
Description Parameter pata
Z |1 Total width Bin 360
¥ Q
8K |2 Thickness tin 8
a . . :
v | = Section width b in 12
P 4 Characteristic ' ksi 4
5 5 Compressive Strength fe ki
O |5 B, 0.85
S3 [ Strain Eeu 0.003
» g > Yield Strength f, ksi 60
é g g Young's Modulus E ksi 29000
% § 9 Strain &y 0.002070
Mowent Computations Longitudinal Transverse
10 my m, | my m,,
11 Top  [Bottoma| Top | Bottom
12 Bar No, 4 5 5) 5
3 13 Dlameter of Bar dpin 0.5 0.625 |0.625| 0.625
g 14 Aren of Bar Ay in? 02 |031]031| 031
@ 15 Spacing sin - - 5 5
3 | No. of Bars o 41 33 | - -
T
pa 17 Aven of Steel Agin? 0.273 [0.341 |0.744| 0.744
% 18 Clear Cover ccin 2 1.25 2 1.25
H-
% 19 | Effective depth (tension) din 5.125 |5.8125H.6875 6.4375
v 20 | Effective depth (comp,) d'in 2.1875 | 2.875 1.5625 2.3125
21 Depth of NA cin 1.06 1.06 | 1.44 181
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MOMENT CAPAC!TY OF DECK SLA®R 2
(BRIDGE 5) 9
Mowent Computations Longitudinal Transverse
22 m, My my, m,,
23 Top Bottome Top Bottom
§ 24 Etop 0.011466 | 0.005115 | 0.008829 | 0.000837
) 25 Epot 0.003174 | 0.013406 | 0.000250 | 0.007682
2e pic ain 0.90 0.90 1.23 1.54
27 | Compression-Concrete | (. Kip -36.86 | —36.86 —50.03 —62.70
V) -
% 29 Compression-Steel Tyor Kip 20.46 20.46 5.39 44.64
(I
20 Equilibrium check [ T + C kipl  0.00 0.00 0.00 0.00
;
US) 21 Moment M, k-in/in 9.35 12.45 19.30 23.41
W
%
Remarks: Top Top , Top Not
vielded | vielded | P YA ien
Bottomn Bottomn.  |Bottomt Not| Bottom
Yielded | Yielded | Yieloed | Yielded
B"ﬂz :t“L Both cteel Both steel tn] Both steel
i in Temsion] Tewslon |ln Tension
Tensitown
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POSITIVE AND NEGATIVE MOMENT OF INTACT SECTION 3
(BRIDGE 5, SPANS 1 AND 2) 9
Mowment
Description Positive Negative
z |1 Total width Bin 180 Bin 180
§ % 2 Thickness tin 8 tin 8
0= Haunch thickness hin 4 hin 4
Characteristic Compressive
LE § * strew@’ih ’ fe ks 4
2 E 5 b1 0.85
o 2|e Strain Ecu 0.003
F Yielo Strength fy ksi 60 fy ksi 60
g Strain Rebar ¢, |0.002070
9 No of Bars at Top #top bars| 20.5 #top bars 20.5
10 No of Bars at Top Bent #top bars bent| 20
11 No of Bars at Bottom. #bot bars| 16.5 #bot bars 16.5
;-i 12 Clear Cover Top CCtop IN 2 CCtop IN 2
;E 13 Clear Cover Bottom CCbot IN 1.25 CCpot IN 1.25
g{ 14 Transverse Top Diameter db toprain | 0.625 db top train 0.625
P\‘; 15| Transverse Bottowm Diameter dbboterain | 0.625 db botrain 0.625
Z |1ie Longitudinal Top Dlameter  |dpopiongin| 0.5 db top longin 0.5
g 17 [Longitudinal Top Dlameter at Bents dbwpiong'in | 0.625
L% 12| Longitudinal Bottom Dlameter  |dp poriongin| 0.625 db bot longIN 0.625
© o149 Effective Depth Top diopin | 2.88 drop i 2.88
20 drop bent IN 2.94
21 Effective Depth Bottom dpotin 5.81 dpotin 5.81
22 Avea of Steel for #4 Bars Awsin® | 0.196 Apain? 0.196
23 Avea of Steel for #5 Bars Agsin? | 0.307 Axsin? 0.307
2 [24 Yield strength Fy Ksi 50 Fyksi 50
g 25 Strain e 0.001720
J |=e Young's Modulus Eksi 29000
g o7 5/FY n 1.2 n 1.2
Q |22 Bffective Area of Steel for #4 BarS | Apsenin?| 0236 |  Asserin’® | 0.236
% 29 | Bffective Area of Steel for #5Bars | Agsenin®| 0368 |  Asserin® | 0.368
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POSITIVE AND NEGATIVE MOMENT OF INTACT SECTION 4
(BRIDGE 5, SPANS 1 AND 2) 9
Mowent
Description Positive Negative

20 Glrder Depth Dgin 55.75 Dgin 58
v =1 Top Flange width berin 18 berin 18
E =22 | Top Flange Thickness trin 1 trrin 2.5
b ] . .
a 23 web wWidth bw in 54 bw in 54
1
*é 24 web Thickness twin 0.5 tw in 0.6
J | 25| Bottom Flange width bprin 56 bprin 56

26 Bottom Thickness trrin 0.75 torin 15
" 27 Covapression Zone cin 12.89 cin 39.29
T
g 22 bwin Comp, yin 0.89 yin 37.79
A , , . .

29 by in Tension y'in 0.11 y'in 16.21

40 d Ceoncin 7.41 d Arebar top IN 27.84
" 41 Dletances 0{ ODVWPYCSSL\/C d Crebar top in 10.02 dArebartop pent IN|  27.78
L 42 | Forces and Tensile Fovees |7 ¢ oporborominl  7.08 d Arebarbor in 24.90
7 from Neutral Axis/ : :
ﬁ 42| pictances of Areas tn d Cr1in 0.45 d Aer in 17.46
2 |44 |Tension and Compression| g 7,5in | 0.05 dAws in 8.11

from PNA : :

45 dTwin 54.05 dAwz in 18.89

4e d Thrrin 54.48 d Aprin 38.54

47 & Crebartop |0.002331

48 & Crebar bottom |0.001648
Z |49 £Cr  |0.000104
é 50 eCwi 0.000012
K = £Twz |0.012578

52 & Tor 0.012677
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POSITIVE AND NEGATIVE MOMENT OF INTACT SECTION 5
(BRIDGE 5, SPANS 1 AND 2) 9
Moment
Description Positive Negative
53 0.85f; BBTkip | —4162 Astop Kip 5
54 As top bent klp 7
55 GOVWPYC%SLOW 4 As topff/ klp —273 As bottom klp 6
ﬁl)i Tension Ar
gg 56 As botomty Kip | —270 Arr Kip 90
»
g |57 2buyFYy Kip | —97 Aw1 Kip 18
Q
o
5¢ 2byy'F'y kip | 1.39
5 Tension fiy ZbutuFy Kip | 2700 | Awzki 43
2 Compression Ac wlwl"y KIP w2 KIp
&0 bptreF'y Kip 2100 Aprkip -84
et Fe kip —4800 | Arkip 127
) Equilibrivum of _ _
% e Forees/ Areas Fr kip 4800 Ackip -127
&3 Fc+ Fr Kip 0 Ar+ Ac Kip 0
Eoo|e# (Half section) 0.5M, k-ft | 24658 | 0.5M, k-ft | 26450
>
3
s 65 (Full section) My k-ft 49317 M, k-ft 52901
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COMPUTATION OF OVERSTRENGTH FACTOR EXTERIOR: 2- &
SPAN CASE (BRIDGE 5, SPAN 1) 9
Parameter | Formula/Deflnition/Equation Data
Lx Span Length 140.00 ft
. Ra Raolius of center Line 450 ft
E = |B width 30 ft
D
S |+ | Le Outer vegion length Ly = (1+ 7)1, | 14233 ft
3 4RCL
u\i— 5 |s nter-Girder Spacing 9.7 ft
& | b width of Glrder + Edoe 10 ft
Z |t peck Thickness 8 in
2 | mx Longitudinal Positive Moment per ft 12 k-in/in
9 | mY Longitudinal Negative Moment per ft 9 k-in/in
10 | my Transverse Positive Moment per ft 23 k-in/in
11 | mY Transverse Negative Moment per ft 19 k-in/in
12 | 0.5My Negative Moment at Support 26450 Kk-ft
§ = |3 Fraction of Length from the exterior 0.40
> support at which girder is fractured '
2
!
Q |14 |tan © tan @ = /M 1.40 (O =544
3 m, + my
¥
) __2s o
3 15 | tan a tana = — 0.14 (©6=7.9%
X
2
<§ ¢ | gupper [1+2tana]_1+ﬁ my + my 1.20
g bound tanf] Ly [ M3, + my, '
Z 2 2 7
= |4 lower tan oc] _ 85° |my +my
# kg [1e2Es] =1+ e 1.02
, Ly myb 0.5M;
1€ IWDupper (my + mY) (Z) kgglfs; + Ly(A-22) + (1_;\)12“ 689 K-ft >
19 | IWD (), +m, ) (L) lower 1 25 634 k-ft*
> fower My T My J\55) Fbound T 070 o,

Note: *: A unit deflection (8 = 1) is considered; therefore, the unit of internal work is in k-ft
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COMPUTATION OF OVERSTRENGTH FACTOR
EXTERIOR: 2-SPAN CASE (BRIDGE 5, SPAN 1)

Parawmeter Formula/Definition/Equation Data
20 | DL Dead Load Factor 1.25
21 | LL Live Load Factor 1.75
22 | SAF Stiffener Allowance Factor 1
22 | ye Unit weight of reinforced concrete 0.15 kcf
Area load due to reinforced concrete +
24| wu lane load DLy, + LL - > 0218 ksf
25 | ys Unit weight of steel 0.49 kcf
% 26 | v, Volume of Girder 145 ft3
uzs 27 | Ay Area of Rail Cross-Section (T4(S)) 1.25 ft2
N EEAR7 Volume of Rail = LxAr 178 f3
Y
g 29 | Wk 1.25 (1.15V, ¥, + iy, ) /Ly 0.95 k/ft
2
J
X (b+s—15)for(b+s)<21
Z =0 |y (Lane 2) (b +s—18) for (b +5) > 21 484 Tt
B 121 | Kigne 1+ 0.52for (b+s) <21; 1+ 2 for (b+s) > 21 1.25
=2 | EWDszo (168 =252 — 2222) Kiane 189 k-t
33 WET WuLx(b + OSS) + M/xLx + ZEWDHSZO 979 k'ﬂ
=4 | EWD 0.5 Wer 490 k-ft*
v)
43 25 | Qupper IWDupper/EWD 1.41
7
%} 326 | Qiower IWDlower/EWD 1.29
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COMPUTATION OF OVERSTRENGTH FACTOR 4
EXTERIOR: 2-SPAN CASE (BRIDGE 5, SPAN 2) 9
Parameter Formula/Definition/Equation Data
1| Ly Span Length 139.60 ft
Rc radius of center ling 450 ft
E = |B Width 30 ft
i
S |4 | Ly Outer region length L = (1 + i) L, | 14193 ft
Q 4R,
D
J |5 |s nter Girvder Spacing 10 ft
& | b width of Glrder + Edge 10 ft
F |t peck Thickwness 8 in
g | my Longltudinal Positive Moment per ft 12 k-in/in
9 | mk Longitudinal Negative Mowment per ft 9 k-infin
10 | my Transverse Positive Moment per f& 23 k-in/in
11 | m'y Transverse Negative Moment per ft 19 k-in/in
12 | 0.5My Negative Mowment at Support 26450 Kk-ft
§ Fraction of Length from the exterior
1=z 2 Y , 0.40
= support at which girder is fractureo
W
Z !
Q |14 [tan® tan @ = /w 1.40 (O =544
v my + my
¥
Q 2s
2 |15 [tana tana = — 014 (©=17.9%
—) X
2
16 upper tana 4s My + my
t% kprper [1+228] =1+ /—my o 1.20
Z 2 '7
lower tan“ a es” my + my
7 | Kbouna [1 +2 tan? 9] 1 + my, +my, 1.02
upper m,b O.SM;
18 IWDuypper (m +m ) ( ) baund L2 + (-0, 683 k-ft*
, L\ meb  0.5M;
19 | IWDiower (my + my) (;) koo + o oL 628 k-ft*

Note: *: A unit deflection (8 = 1) is considered; therefore, the unit of internal work is in k-ft
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COMPUTATION OF OVERSTRENGTH FACTOR
EXTERIOR: 2-SPAN CASE (BRIDGE 5, SPAN 2)

Parawmeter Formula/Definition/Equation Data

20 | DL Dead Load Factor 1.25

21 | LL Live Load Factor 1.75

22 | SAF Stiffener Allowance Factor 1

23 | ye Unit welght of retnforcen concrete 0.15 kcf

Aven Load due to veinforced concrete +

< wu Lane Load DLycé + LL % 0.218  ksf
§ 25 | ys Unit weight of steel 0.49 kcf
B |26 |V, volume D'f Glrder 152 ft3
qu o7 | A, Avea of Ratl Cross-Sectlon (T4 (S)) 1.95 f2
Q
?Z 22 | v Volume of Rail = LxAr 177 8
¢
% 29 | Wk 1.25 (1.15V,ys + Vove) /Ly 0.99 Kk/ft
-2 (b + s — 15) for (b+s) < 21
<[22 |y (Lane 2) (b + s — 18) for (b+s) > 21 4.84 1t
Y
g 21 | Kiane 1+ O.5§for (b+s) <21; 1 + %for (b+s) > 21 1.25
»

261.33 1045.33

=2 | EWDuszo (168 =252 — 2222) Kiane 189 k-ft

=3 WET WuLx(b + 055) + M/XLX + ZEWDHSZO 983 k'ﬂ

34 | EWD 0.5 Wer 491 Kk-ft*
v)
B35 | Qupper IWDupper/EWD 1.39
o
?}j 2 | Qiower IWDlower/EWD 1.28
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Note: *: A unit deflection (8 = 1) is considered; therefore, the unit of external work is in k-ft




6.2

The following steps are explained to conduct the computational implementation of grillage

analysis of Bridge 5.

GRILLAGE ANALYSIS EXAMPLE OF BRIDGE 5

1. Gather bridge geometry and material information.

L ocation Top Flange Web Bottom Flange
ft Width Thi(_:kness Width Thigkness Width Thigkness
in. in. in. in. in. in.
0-105 18 1.00 54 0.5 56 0.75
105-122 18 1.00 54 0.5625 56 1.250
122-140 18 1.75 54 0.5625 56 1.250
140-157 18 1.75 54 0.5625 56 1.250
157-174 18 1.57 54 0.5625 56 1.250
174-192 18 1.00 54 0.5625 56 0.75
192-280 18 1.00 54 0.5 56 0.75
Location Parameter Description/Value
Location Travis County, 1-35
Year Designed/Year Built 1998/2002
. Design Load
Bridge " ength. fi 279.58
Spans, ft 140, 139.58
Radius of Curvature, ft 450
Width, ft 30
Thickness, in. 8
Deck Haunch, in. 4
Rail Type T4(S)
# of Bar Longitudinal Top Row (#4) 40
# of Bar Longitudinal Bottom Row (#5) 36
# of Bar Longitudinal Top Row (#4)
@support 41
Rebar # of Bar Longitudinal Top Row (#5) 40
@support
# of Bar Longitudinal Bottom Row (#5)
@support 36
Transverse Spacing Top Row (#5), in. 5
Transverse Spacing Bottom Row (#5), in. 5
Girder CL of Bridge to CL of Girder (in.) 56.5
CL of Top Flange to CL of Top Flange (in.) 83
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2. Determine material constitutive behavior.

Concrete (4 ksi)

Rebar (60 ksi)

Steel (50 ksi)

Stress Strain
(ksi) (1/in)
—4 —3.79E-03
—4 —3.56E-03
—4 —2.69E-03
—4 —1.78E-03
—3.8205 | —1.40E-03
-2.8718 | —8.69E-04
—0.6403 | —1.78E-04
0 0
0.378 1.06E-04
0.378 1.16E-03

Stress Strain Stress Strain
(Ksi) (1/in) (ksi) (1/in)
-87.9 —0.095 -71.6 —0.1
-87.9 —-0.0944 -71.6 —-0.097
—86.6 —-0.0761 ~71.6 —0.095
—78 —0.0386 -71.6 —0.0946
—60.7 —9.80E-03 —-70.3 —0.0764
—60.3 —2.08E-03 —62.5 —0.039
0 0 -50 —0.0196
60.3 2.08E-03 -50 —1.72E-03
60.7 9.80E-03 0 0
78 0.0386 50 1.72E-03
86.6 0.0761 50 0.0196
87.9 0.0944 62.5 0.039
87.9 0.095 70.3 0.0764
71.6 0.0946
71.6 0.095
71.6 0.097
71.6 0.1
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3. Create a coordinate system for the half width of the span for each cross-section in 1. An
example of the first cross-section is shown below.

(-180,44) (-170,44)

(-180,8) (-170,8) (-98,3) (0,8)

(-120,0) (-148.5,0) (-130.5,0) (-98,0) (-65.5,0) | | (-47.5,0) (0,0)

(-148.5,-4) {-130.5,-4) [-65.5,-4) (-47.5,-4)
(-148.5,-4) (-130.5,-4) (-65.5,-4) (-47.5,-4)
(-148.5,5) (-130.5,-5) (-65.5,-5) (-47.5,5)
(-139.75,5) (139.25,5) (-56.75,5) [ [ (-56.25,5)

(-126,53) (-125.5,-59) (-98,-59) (-70.5,-59) (70,-53)
1 1
(126,59.75) (-98,-59.75) (-70,-59.75)
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4. Create a cylindrical coordinate system for the curved bridge and ensure that the middle
transverse divisions are 7 ft because this will aid is applying the truck load whose axles
are separated by 14 ft.

Length (ft)*12

. ) rounded to nearest even number:
84 in (7ft)

A # Of Segmentsper span = (

140 * 12)
84

((Length+12)—(# of Segments+84))
5 :

#of Segmentsgpan 182 = (

B. End Segment Length =

((140 = 12)2— (14 * 84)) o

Therefore, the end segments are also equal to 84 in.

End Segment Length =

Total Length
C. Thetq = === 2

Radius

280
Theta = 750 - 0.6222 rad or 36.65 degrees.

D. Determine the radial offsets using the outside edge, the outside flange, the inner
flange, and CL of the bridge.

Offsets (in.
Edge 180
Qutside Flange | 139.5
Inner Flange 56.5
CL of Bridge 0
Radial Spacing (in.)
A 5580 | CL + Edge
B 5539.5 | CL + OF
C 5456.5 | CL + IF
Center Line 5400 | or 450 (ft)
D 53435 | CL-IF
E 5260.5 | CL — OF
F 5220 | CL — Edge
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E. The longitudinal spacing along theta is determined by converting the longitudinal
segment lengths into degrees.

¢ All segments are 84 in. The total length is 280 ft, or 3360 in.
e Radial Spacing (rad) = 2225Pacing

Radius

e Radial Spacing (degree) = Radius Spacing (rad) * %

Long. | Radial | Radial
Spacing | Spacing | Spacing

(in) (rad.) (deg.)
0| 0.0000 0.000 | Longl
84 | 0.0156 0.891 | Longl
168 | 0.0311 1.783 | Longl
252 | 0.0467 2.674 | Longl
336 | 0.0622 3.565 | Longl
420 | 0.0778 4.456 | Longl
504 | 0.0933 5.348 | Longl
588 | 0.1089 6.239 | Longl
672 | 0.1244 7.130 | Longl
756 | 0.1400 8.021 | Longl
840 | 0.1556 8.913 | Longl
924 | 0.1711 9.804 | Longl
1008 | 0.1867 | 10.695 | Longl
1092 | 0.2022 | 11.586 | Longl
1176 | 0.2178 | 12.478 | Long?2
1260 | 0.2333 | 13.369 | Long?2
1344 | 0.2489 | 14.260 | Long2
1428 | 0.2644 | 15.152 | Long3
1512 | 0.2800 | 16.043 | Long3
1596 | 0.2956 | 16.934 | Long4
1680 | 0.3111 | 17.825 | Long4
1764 | 0.3267 | 18.717 | Long4
1848 | 0.3422 | 19.608 | Long3
1932 | 0.3578 | 20.499 | Long3
2016 | 0.3733 | 21.390 | Long?2
2100 | 0.3889 | 22.282 | Long2
2184 | 0.4044 | 23.173 | Long2
2268 | 0.4200 | 24.064 | Longl
2352 | 0.4356 | 24.955 | Longl
2436 | 0.4511 | 25.847 | Longl

Cross-
Section
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2520 | 0.4667 | 26.738 | Longl
2604 | 0.4822 | 27.629 | Longl
2688 | 0.4978 | 28.521 | Longl
2772 | 0.5133 | 29.412 | Longl
2856 | 0.5289 | 30.303 | Longl
2940 | 0.5444 | 31.194 | Longl
3024 | 0.5600 | 32.086 | Longl
3108 | 0.5756 | 32.977 | Longl
3192 | 0.5911 | 33.868 | Longl
3276 | 0.6067 | 34.759 | Longl
3360 | 0.6222 | 35.651 | Longl

e Int. Transverse Element width = 84 in.

e End Transverse Element = 84 — (82—4) =42 in.

e Pier Tansverse Element = 84 + 84 — 84 = 84 in.

5. Input the coordinate system into SAP2000.

A.

B.

Select File > New Model > Blank model (making sure units are in kips and
inches).
Right click on the blank workspace and select Edit Grid Data > Modify/Show
System > Quick Start >Cylindrical.

e In the Number of Gridlines panel, set “Along Z =1.”

e In the Grid Spacing panel, set “Along Z=1."

e Select OK.

e Delete all R and T Coordinates that were generated.
Add correct coordinates for R.

All radial coordinates are A, B, C, D, E, and F where A = outside edge;

B = centerline of outer top flange of outside girder; C = Centerline of inner
top flange of outside girder; D = Centerline of inner top flange of inside
girder and F = inside edge.

Add correct coordinates for T
e All theta coordinates for T (0 to 3360 in.).
e Click OK.

The grid system is now formed.
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13 Define Giid System Data

System Name

GLOBAL

R Grid
Gnd 1D Ordinate (in} Line Type Visible Bubble Loc Grid Color
5230 Frimay Yea End
E YR Frimay Tes End
b 53435 Primay Yes End
o B4BER Primay Yeoa End
3 LLEL L] Frimay Tes End
A 5580 Primay Yes End
T Grid
Grd D Angle (deg) Line Type eible Bubble Lac Grid Color ~ #™
z ()] Primary “es ed [
) 1783 Pimay  “es ed
1 2674 Primary “ea ewd [
5 3568 Primary “es ed [
5 4456 Primary “es end [
£ roan o S I
7 (Grid Nata
Grid I Ordinate (in) Line Type Visible Eubble Loc
0 Mrirmary Yas Crnd

-

I

Grid Lines

Luick star...

Dieplay Gride ae

@ Ordinates O Sparcing

—1 HideAlGrd Lines

Glue tn Grid lines

Bubble Size

| Resetto Defaut Color

| Recrdsr Ordnates

ok |

| Cancel
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6. Define material in SAP200.
A. Click Define > Materials- > Add New Material > Material Type (Steel, Concrete,

B.

nmo

or Rebar) >Standard (User) > OK.
At the bottom of the window, select the box that states, “Switch to Advanced
Properties.”

. In the open window, name the material “Concrete,” “Steel,” or “Rebar”

depending on which material is being defined. Then click “Modify/Show Material
Properties.”

In the Material Property Data window, click the Nonlinear Material Data icon.

In the Nonlinear Material Data window select the Convert to User Defined icon.
Input the number of number of data points for the stress strain behavior (10 for
concrete, 13 for rebar, 17 for steel).

Input the data points for the stress strain behavior.

Select “OK.”
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|
o

Repeat this process again for the remaining materials.

Edit

Material Mame Material Type
Concrete Concrete
Hysteresis Type Drucker-Prager Parameters Unitz

Takeda ~ Friction Angle Kip, in, F ~
Dilatational Angle

Stress-Strain Curve Definition Options

D Parametric
@ User Defined

User Stress-Strain Curve Data

Number of Points in Stress-Strain Curve
Strain Stress Paint ID
1 -3.790E-03 -4 -E
2 -3.560E-03 -4
3 -2.890E-03 -4,
4 -1.780E-03 -4, -C i
5 -1.400E-03 -3.8205
G -8.590E-04 -2.8718
7 -1.7B0E-04 -0.6403
g n. n. s Order Rows
] 1.060E-04 0.378 B
10 1.1606-03 0.378 z
oK Cancel

7. Define frame cross-sections in SAP2000.

A. Click Define > Section Properties > Frame Sections > Add New Properties.
In the Frame Section Properties drop-down box, select “Other” and click Section
Designer. In the SD Section Designer window, name the section B5Long1 and
click the Section Designer icon.
Using the Polygon feature, draw the features of the half width of the bridge from
Step 3. These features include one rail, two concrete deck pieces, two concrete
haunches, two top flanges, two webs, and two pieces of the bottom flange.
e To change material types for the polygons, right-click on the polygon and
select the desired material type from the material drop-down menu.
¢ To change the coordinates of the polygon’s nodes, use the Reshaper tool.
D. Add in the longitudinal rebar to both concrete deck elements by using the Line
Bar from the Draw Reinforcing Shape tool. From the design drawings, it can be

B.
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determined that there are seven #4 top bars and nine #5 bottom bars in the outer
concrete deck element and 11 #4 top bars and 11 #5 bottom bars in the inner
concrete element. At the pier support, nine additional #5 top bars are added to the
top of the outer concrete deck and 10 additional #5 top bars are added to the inner
concrete deck with a 2 in. top cover and transverse reinforcement. The top bars
are located at 5.0625 in., with a 1.25 in. bottom cover and transverse
reinforcement. The top bars are located at 2.1875.

E. Click Done (Below is an example of the 1st cross-section).

B Section Designer - m] X
File Edit View Define Draw Select Display Options Help
/F I peReppe B S
ik, +
&
@ + + + + + + + + } + + - - + + + + * +
g + - + - + + | + +* + - + + + + + +
= s
-, ) 1< i
i
1 \
)
W
%
)
)
') f
\ f
) i
7
f
[ \
4
] “.
')
>4 ! | |
iy I I
|4
1) Ready X =—43.99Y =61.00 Kip,in,F  w Done

F. Repeat this process for the remaining longitudinal elements.
G. Repeat the process for the transverse elements.
e In the SD Section Designer window, select Modifiers and set Mass and
Weight to 0 to not double-count the dead weight.
e The interior transverse members are 84 in. wide (end members are 42 in.
wide), with #5 rebar at 5 in. spacing at 5.6875 in. and 1.5625 in.
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D Section Designer
File Edit View Define Draw Select Display Options Help

oo g PR EPLPON EE S

A= 5

w5 4 Qe E e

.
Ao

=

Ready X =169V =21.89 Kip,in,F ~ Done

H. To generate an exterior longitudinal member and an interior longitudinal member,
make two copies of the B5Long1 section. Label one Long1Out and one Longlint.
e For the Long1Out, delete every element right of the CL.

B8 vwew Dewe Dww See1 Dipy  Optees ey
[AF . F. U 5. F-5.00 B Fu ]

menr = e

e For the Longlint, delete every element left of the CL.

=

Gt View Defme Do Sekct Dupsy  Optoms e
S ARpRARPREE mMELS

% [

4

3
Beaty ertarveses (e o Eeee

e Repeat this process for all cross-sections.
I. To generate a simulated fracture section, make copies of Long1Out and Longlint.
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e The reason Long1Out and Longlint are chosen for the fractured section is
because the fracture occurs at 0.4*L, or 672 in. On the radial spacing table,
Longl is the section used at 672 in.

e Name the Long1Out copy Frac1Out.

Delete the bottom flange, web, and top flange of the steel tub.

| M Section Designer - o x
Select  Display Oy

View  Define  Dri a Jpticer  Help
S pppRLH Mb kS

x4 5]

R

2

e Name the Longlint copy Fraclint.
Delete the bottom flange, web, and top flange of the steel tub.

B Section Deugener - o ®
t View Define  Deew  Select  Dip

: lay  Options.  Hely
S pRpE2PRPH mb LS

8. Generate plastic hinges for frame elements in SAP2000.
A. Define > Section Properties > Frame Sections.
B. Select the desired cross-section. Hinges will need to be made for the Long(1-
4)0ut, Long(1-4)Int, FracOut, Fraclnt, Trans, and TransEnd.
C. Once selected, click Modify/Show Property > Section Designer.
D. Once in the section designer, select the Moment Curvature Curve tool.
E. Inthe Moment Curvature Curve window, select Details.
e Copy the moment curvature data to an Excel file.
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e Select OK.

F. Inthe Moment Curvature Curve window, change the angle (deg) to 180, then
select Details.

e Copy the moment curvature data to the same Excel file as the one used
previously.

e Select OK.

G. Generate a Normalized Moment Curvature Diagram.

e Normalize the moments by dividing each of the positive moments by the
maximum positive moment and the negative moment by the maximum
negative moment, and divide the curvatures by the curvatures corresponding
to the maximum and negative moments.

e Plot the normalized positive and negative moment curvatures on a chart.

e Create a hinge moment curvature plot on the same chart with four positive
moment points and four negative moment points without generating a
negative slope.

A B c D E F G H U ) K L M N o P a R 5 T u ¥ W

{Neutral A Steel Strai Tendon St Concrete 1 Steel Corr Steel Ten: Prestress Net Fi M c
0 0 0 o o L] o [ 0.00
-6420-04  -0.0853 9.560-04 0 -B49.525 -T71.5223 9212336 0 01867 1.B6E-05 56261 0447038 0.14
~1.53E-03 14924 2.468-03 0 -1758 -130.476 1888462 0 -0.0221 4.66E-05 111681 0.687505 0.36
-2ASE-03 AT 470803 O -2119 -90.6096 2206.734 0 -5.01E-00 GI9E-05 121852 0.966232 o.64 . 1_"‘._' 1 A
367603 62978 75203 o <2351 -110.929 26LT95 0 00715 0000131 125837 1 Lo | e
57103 6430 0.0108 L S3439 154505 3591535 0 0045 0000186 121679 0966357 143 54
TO4E03  BAXFL 00148 [ 2495 -209.435 2703974 0 04063 0000252 119891 0.952748% 1.9
917603 £,2948 0.0128 0 2537 -256.469 2793.547 0 -0.0143 0.000326 119168 0.947003 2.50
0.0225 -20.3533 0.0127 0 0 1451 1460.759 0 -0.0104 000041 82471 0.65538 314 o -~ oo
-0.0275 -20.1838 0.0157 L) 0 -1465 1465.611 0  0.1893 0.000503 82810 0.658074 3.86 ¢
-0.0329 -19.9925 0.019 L} 0 -1470 1470.333 0 02082 0.000606 83150 0.660775 464
“0.0393 -204119 0.0222 o o <1434 1493.347 0 00502 0.000718 fabaH 0.671829 530
D046 20868 0.0 L Ul 1333 1533.058 0 00173 0.000839 BLEGS 0.6E5E0 A3 o
00537 -20.9782 00294 0 0 1590 1590,4! 0 03643 0000965 90046 0715576 7.43
0.0615 -21.0802 0.0336 0 0 1653 1653.258 0 0.0119 0.001109 93606 0.743867 8.50
0.07 -21.2377 0.0379 0 L 1718 1718.782 0 03503 0.001258 87263 0.772928 9.64
-0.0786 -21.1113 0.0428 0 0 1771 1771.636 0 01748 0.001416 100205 0.796308 10.85
-0.0875 -208117 0.0454 0 0 -1816 1816.259 0 01105 0.001584 102695 0616095 1214 -1.35 -35
00973 -20.8379 0.0537 o o -1849 1849.515 0 01005 0.001761 104568 083058 1349 -L35 -25
1077 <0877 0.0593 o o -1883 1882.613 0 00149 000148 106430 0.545824 14.93 -1 -1
0.7 0.5t
o 0
Negative 087 0.64
Concrete | Neutral A Steel Strai Tendon St Concrete ' Steel Com Steel Ten: Prestress Net Force Curvature Moment 1 1
0 0 0 L 0 U o o o 0 [ [ 0.00 1 3
~7.09E-04 13306 4.95€-04 0 -341.349 -577.707 2358451 0 -683.211 LB6E-05 35333 -0.44356 -0.22 1 13

H. Define Hinge Length.
The hinge length is one half of the section depth.

0 Hinge;ong = 0.5 * (Deck thickness + haunch height +

top flange thickness + web height +
bottom flange thickness).

Hinge;ong = 30 in.

0 Hingeg,q. = 0.5 * (Deck thickness + haunch height).
Hingeg,q. = 6 in..

0 Hinger,qns = 0.5 * (Deck thickness).

Hingerrans = 4 in.
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I.  Make the plastic hinge in SAP2000.

e Select Define > Section Properties > Hinge Properties > Add New Properties.

e In the Type window, select Moment Curvature and input the corresponding
correct hinge length.

¢ In the Moment Curvature table, insert the four positive and four negative
normalized moment curvatures and the zero point.

e Uncheck the symmetric box and select the Is Extrapolated option in the Load
Carrying Capacity beyond Point E window.

e In the Scaling for Moment and Curvature window, insert the maximum
positive moment and corresponding curvature as well as the maximum
negative curvature and corresponding curvature.

e In the Acceptance Criteria, use the values 1, 2, and 3 for Immediate
Occupancy, Life Safety, and Collapse Prevention in the positive column and
—1, —2, and —3 for the negative column.

¢ Repeat for all remaining frame sections (Long(1-4)Out, Long(1-4)Int,
FracOut, FracInt, Trans, and TransEnd).

:K: Frame Hinge Property Data for L1TOUT - Moment M3 X
Edit
Dizplacement Control Parameters
Type
Point Moment!SF Curvature/SF " (C) Moment - Retation
- -1.38 -5 @ Moment - Curvature
O- -1.35 -25. Hinge Length 35.
- -l 1. ] Relative Length
elative Len
o 2% J o
A 0 0. oe—t Hysteresis Type And Parameters
B 0.97 0.64
B 1. 1. Hysteresis Type Isotropic £
[] symmetric
o 1. 3. v Mo Parameters Are Reguired For This
1 1 Hysteresis Type
Load Carrying Capacity Beyond Point E
O Drops To Zero
@ Is Extrapolated
Scaling for Moment and Curvature
Positive Negative:
[] Use Yield Moment  MomentSF 125837, | [rasse. |
[] Use Yield Curvature  Curvature SF [1.305E-04 | [8.3B0E05 |
(Steel Objects Only)
Acceptance Criteria (Plastic Curvature/SF)
Positive Negative
- Immediate Occupancy |1. | |-1. |
Life Safety |2- | |‘2- | Cancel
Collapse Prevention |3. | |—3. |
[] Show Acceptance Criteria on Plot

9. Assign frame members to grid.
A. Select the Draw tab > Quick Draw Frame/Cable/Tendon.
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A

In the Section drop-down menu, select Long1Out.

Click on every grid segment on the second-to-last longitudinal grids (B and E)
from Transverse Grids 1-15 and 28-41.

Change the section to Longlint and repeat Step C but for the two interior
longitudinal grids (C and D).

In the Section drop-down menu, select Long20ut.

Click on every grid segment on the second-to-last longitudinal grids (B and E)
from Transverse Grids 15-18 and 25-28.

Change the section to Long2Int and repeat Step E but for the two interior
longitudinal grids (C and D).

In the Section drop-down menu, select Long3Out.

Click on every grid segment on the second-to-last longitudinal grids (B and E)
from Transverse Grids 18-20 and 23-25.

Change the section to Long3Int and repeat Step | but for the two interior
longitudinal grids (C and D).

In the Section drop-down menu, select Long4Out.

Click on every grid segment on the second-to-last longitudinal grids (B and E)
from Transverse Grids 20-23.

. Change the Section to Longlnt and repeat Step L but for the two interior

longitudinal grids (C and D).

Change the Section to TransEnd and repeat Step C but for the end transverse grids

(1 and 41).
Change the Section to Trans and repeat Step C but for all other transverse grids
(2-40).
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Properties of Object n

Line Object Type Straight Frame
Section Trans
Moment Releases Continuous
X Plane Offset Normal 0.

10. Assign hinges to frame elements.

A. The longitudinal hinges are placed at the ends of the longitudinal frame elements
or at a relative distance of 0 and 1.

B. The transverse hinges are placed at a distance of half a top flange width away
from the node.

18

o Hinge LoC.pyop = "L S0 WE — 1 — 2= (7778,

e Hinge LOC.g top and c to B = hc:ig::f;/r’dij;h = 1:;2 = 0.1084 and (1 —
0.1084) or 0.8916.

o Hinge Loc.p gy ¢ = " LI M08 - 282 — 0.0796 and (1 —
0.0796) or 0.9204.

e Hinge LoC.g o4 = half jlange width _ 18/2 _ 0.2222.

Element Width 40.5
C. In SAP2000, assign the hinges to corresponding frame elements.

e Select the desired frame elements you wish to assign hinges to, such as
Long1O0ut. (The elements will turn from blue to yellow).
e In SAP2000, select the Assign tab > Frame > Hinges
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From the drop-down menu, select Long1Out and set relative
distance to 0 and click ADD.

From the drop-down menu, select Long1Out and set relative
distance to 1 and click ADD.
o Click OK.

IBA Assign Frame Hinges

X
Frame Hinge Assignment Data
Relative
Hinge Property Distance
LongQUT v |1
LongQUT 0
LongOUT 1 | Add Hinge... ‘

Medify/Show Auto Hinge..

| Delete Hinge ‘

Current Hinge Information
Type: User Defined
DOF: Moment M3

Options
) Add Specified Hinge Assigns to Existing Hinge Assigns
(@ Replace Existing Hinge Assigns with Specified Hinge Assigns

Ewisting Hinge Assignments on Currently Selected Frame Objects
Mumber of Selected Frame Objects: 32

Total Number of Hinges on All Selected Frame Objects: 0

Fill Form with Hinges on Selected Frame Object

‘ 0K ‘ ‘ Close ‘ ‘ Apply |

¢ Repeat previous step of assigning the hinges for all other frame elements.
I" L-mn.!OuT: LSH:-U\M] L‘?'*t-uwn L"i'"“t“:“v:fr'

1H2(L1OUT) B3H1(L1INT)

i 347H L H1(Trans) ———— (&2
o raneB44H 1 Tiane ‘Sﬂlﬁ’dmﬂ,iﬂ_-tl.man»—l";ﬁ; 1
33441 (TRTHATraosp 3 THILE BOHALT INT) (L1ouTy
AH2(L1OUT) 4BHT(LTINT) |

| |

| 1

| 1

| BOH2(L1INT) BHILIGUT) (

| 4HiLIoUT) e 3484 Trang398H2 Trana, ORI LR Trans) | i

338H1( 2 33811 (Trang 8400 11 Trasa) ——e="" S6H1(LTINT) BH2(L1OUT)
SHZ(LIOUT) S1H(LTINT) [
|
|
| | B
BHTLIOUT)

| AHULIOUT S1HZILTINT) SSHZ(L1INT} -

. OUH“: 3ﬁsq| I,,,.igwr«] Trans 359H2p-uniganuz.n;“ sunqnm;mmqra..s_._ n w |
358H1( Ji I i )

}—'— TH: 1 L /
?zuz[uoun 52HA(LTINT) SEHILTINT) 2iL1ouTy . Y,
J.zmu_‘cun 52H2(LTINT) L:snz.uwn THILIOUT)

351 1{TEaGAN2(Trans), 385H 1(Trang304H 1{Trans) 3B4H2{T, SB3H2-‘Trans"_333l—{hw1_hzlrans:u N |
S4HTILTINT) BHZ(L1CUT]

H1{L1OUT) SIHZILTINTY SAHZLTINT) BHUL1OUT]
18{H1T, THrans QUIIH2{ TrangOBTH 1{TransOUT)

183H A Trang O8I 1(Trans QUAYH2{ Trar8aHITTransOUT) N
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11. Assign loads to the frame elements.
A. Wheel Axle Loads.

e Axle loads will be placed at distances of 36 in., 108 in., 180 in., and 252 in.
from the outside of the curved edge.

¢ One line of the 16 kip axles will be placed at the 0.4L point of the bridge, or
Transverse Grid 9, with the second line 14 ft away at Transverse Grid 7. One
line of 4 kip axles will be placed 14 ft away from the first line of axles, at
Gridline 11.

¢ In SAP2000, the loads have to be placed at a relative distance, so this value

needs to be calculated.
L1—-36 _ 40.5-36

0 HS20xe11 Loc (B-4) — L 205 0.1111.

o HSZOAxelz Loc (C=B) = L1+LZ—108 — 4—0.5+:33—108 = 0.1867.

o HSZOAxel 3 Loc (D—€) = L1+L22:L3—180 — 4-0.5+831-I;;13—180 — 05,
0 HS204xe1 4 Loc (E-D) = L1+Lz+3iL34+L4—252 _ 40.5+83+233+83—252 _

0.8133.
B. Lane Loads
e Lane Loads are lane loads of 0.640 kip/ft (0.05333 kip/in.) centered at a
distance of 96 in. and 240 in. from the outside of the curved edge.
e These lane loads will be placed on the longitudinal frame elements. They will
be assigned to elements along the B, C, D, and E longitudinal elements
according to the appropriate tributary distance.

0 LanelLoadg = (L1+L2_96) * laneload = (
2

0.05333 = 0.017671 ’%
O Laneload; = laneload — laneloadg = 0.05333 — 0.017671 =
0.035663 2

in.’

40.5+83—96) "
83

Li+Ly+L3+Ly—240

0 Laneload) = ( ) * laneload =

L
(40.5+83+113+83—240) " 0T05333 — 0.051084@.
83 in.

0 Laneloady = laneload — laneload, = 0.05333 — 0.051084 =
0.002249 =",

C. In SAP2000, the load patterns must first be defined.
e Select the Define tab > Load Patterns.

0 Under the Load Pattern Name, enter HS20 1 and change the type
in the drop-down menu to Live. The self-weight multiplier should
be set to 0. Then click Add New Load Pattern.

0 Under the Load Pattern Name, enter LaneLoadl and change the
type in the drop-down menu to Live. The self-weight multiplier
should be set to 0. Then click Add New Load Pattern.

o Click OK.
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:x: Define Load Pattemns

Load Patterns

Load Pattern Name

[peaD || Dead >

DEAD Deag |+ | ]
LanelLoad1 Live 0
HS20_1 Live 0 +*
Delete Load Pattern
¥ Show Load Pattern Notes...

Click To:

Self Weight Auto Lateral

Type Multiplier Load Pattern e

Modify Load Pattern

Cancel

e Assign the HS-20 wheel loads in SAP2000.

(0}
o
o

Select the exterior transverse element of Gridlines 9 and 7.

Click Assign > Frame Loads > Point.

From the Load Pattern drop-down menu, select HS20 and verify
that the coordinate system is set to Global, the Load Direction is
Gravity, and the Load Type is Force.

In Column 1, enter a relative distance of 0 ( Axle 1, Loc. B-A) and
load of 16 Kips.

Click OK.

Repeat for Gridline 11 to assign the 4 kip load.

Repeat Steps 1-6 for Axle 2, 3, and 4, Loc. C-B, D-C, and E-D.

e Assign the Lane Load in SAP2000.

o
(0}
(0}

Select all exterior longitudinal frame elements along Gridline B.
Click Assign > Frame Loads > Distributed.

From the Load Pattern drop-down menu, select Lane Load and
verify that the coordinate system is set to Global, the Load
Direction is Gravity, and the Load Type is Force.

In the Uniform Load box, enter 0.016124 (Lane Load B).

Click OK.
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0 Repeat Steps 1-5 for all of the longitudinal elements along
gridlines C, D, and E.

12. Define load cases.

A. The load case being used to determine redundancy is 1.25DL + 1.75(LL + IM),
where DL = Dead Load, LL = Live Load, and IM = Impact Load. When
substituting in the truck load and the lane load, the preceding equation reduces to
1.25DL + 1.75LaneLoad + 2.33HS20.

B. Generate Load Cases in SAP2000.

e Click Define > Load Cases > Add New Load Case.

e In the Load Case Name Panel, name the load case “LC1 1.”

e In the Analysis Type, select “Nonlinear.”

e For the LC1_1 Load Case in the Stiffness to Use panel, select “Zero Initial
Conditions.”

e In the Loads Applied panel, leave the Load Type “Load Pattern” in the drop-
down Load Name menu, select DEAD and change the Scale Factor to 1.25.
Click Add. Change the Load Name menu to select HS20 and change the
Scale Factor to 2.33. Click ADD. Change the Load Name menu to select
Lane Load and change the Scale Factor to 1.75. Click ADD.

e In the Other Parameters panel, in the Results Saved section, click
Modify/Show.

e In the Results Saved for Nonlinear Static Load Cases window, change the
Results Saved to Multiple States, and in the For Each Stage panel, change the
Minimum Number of Saved Steps and the Maximum Number of Saved Steps
to 20. Click OK.

e Click OK on the Load Case Data window.

e Repeat the previous 8 steps listed under B to create an LC2_1, LC3 1, and
LC4_1. However, in the Initial Conditions window, select Continue from
State at End of Nonlinear Case, and from the drop-down menu select the
preceding load case. (For LC2_1, the Nonlinear Case LC1_1 would be
selected).
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:X: Load Case Data - Monlinear Static

Load Case Name Notes

[Le1_t Set Def Name Modify/Show.

Initial Conditions.
@ Zero Inttial Conditions - Start from Unstressed State

O Continue from State at End of Nonlinear Case

mportant Note: Loads from this previcus case are included in the current caze

Load Case Type

Static ~ || Design

Analysis Type
O Linear
@ Nonlinear

O Nonlinear Staged Construction

Modal Load Case Geometric Nenlinearity Parameters.
Al Modal Loads Applied Use Modes from Case MODAL kil @ None
() p-Detta

Loads Applied
O P-Deltta plus Large Displacements

Load Type Load Name Scale Factor
Load Pattern ~ | DEAD Mass Source
Load Pattern DEAD 1.25 Add Previous ~
Load Pattern HS20_1 233
Load Pattern LaneLoad1 1.75
Modify
Delete
Other Parameters
Load Application Full Load Modify/Show...
Results Saved Muttiple States Modify/Show... Cancel
Monlinear Parameters Default Modify/Show...

13. Define end supports.

A. The elastomeric bearing pads for each girder have a lateral stiffness of 12 kip/in.
and a vertical stiffness of 6100 kip/in. Since the tub girders are divided in half, the
lateral stiffness will be 6 kip/in., and the vertical stiffness will be 3050 kip/in.

B. Assign spring supports in SAP2000.

e Select the 12 nodes, eight at the very end of the longitudinal members, four at
the location of the pier.

e Click Assign > Joint > Springs.

e In the Assign Joint Springs window in the Simple Springs Stiffness panel,
enter 6 for Translation 1 and 2 and 3050 for Translation 3.

e Click OK.

14. Define CL data acquisition points mid-span of girder.
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Select the transverse frame elements between B and C and between D and E at
0.4L (Gridline 9).

Click Edit > Edit Lines > Divide Frames.

In the Divide into Specified Number of Frames window, enter 2 for Number of
Frames.

Click OK.

Foint

15. Analyze the nonfracture structure for dead load only.

A
B.

C.
D.

Al

l.
J.
K.
L

In SAP2000, click Analyze > Run Analysis

In the Set Load Cases to Run window, click the Run/Do Not Run All button until
every action is Do Not Run.

Select DEAD then click Run/Do Not Run Case until the action is run.

Click Run Now. Let SAP2000 Run the Load Cases until the screen says the
analysis is complete.

Once the analysis is complete, select Spring Reactions.

Click Display > Show Tables.

In the Choose Table for Display window, click the + symbol beside Joint Output
and select the square box beside Reactions.

In the Output Options window in the Nonlinear Static Results panel, select Last
Step.

Select and copy the information from the F3 column.

The sum of the F3 values is the dead load.

Click Done.

Unlock the structure.

16. Analyze the nonfractured structure.

A.
B.

C.

In SAP2000, click Analyze > Run Analysis.

In the Set Load Cases to Run window, click the run/Do Not Run All button until
every action is Do Not Run.

Select LC1 1,LC2 1,LC3 1, and LC4_1 then click Run/Do Not Run Case until
the action for all four is run.

Click Run Now.
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E. Let SAP2000 Run the Load Cases until the screen says the analysis is complete.

m

G. Click Display > Show Tables.

Once the analysis is complete, select the data collection point on the transverse
member on the outside girder (C-B).

H. In the Choose Table for Display window, click the + symbol beside Joint Output

and select the square box beside Displacements.

b4
Edit

=0 WODEL DEFINITION (0 of 70 tables selected)

-0 System Data

-0 Property Definitions

--I:| Load Pattern Definitions

--I:| Other Definttions

-0 Load Case Definitions

#-0] Connectivity Data

--D Joint Assignments

-] Frame Assignments

--I:| Options/Preferences Data

-0 Miscellanesus Data

=B ANALYSIS RESULTS (1 of 10 tables selected)
=-B Joint Output

CER Dizplacements

[ Reactions

-0 Joint Masses

-0 Element Output

-0 Structure Output

Load Patterns (Model Def.)
Select Load Patterns...
3 of 3 Selected
Load Cases (Results)
Select Load Cases...

4 of 4 Selected

WModify/Show Options...

Options

Selection Only
[ show Unformatted

Named Sets

Save Mamed Set...

| OK | Cancel

Table Formats File... Current Table Formats File: Program Defautt

I. Click the Modify/Show Options button.

J.In the Output Options window in the Nonlinear Static Results panel, select Step-

by-Step.
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"3{ Output Options >

Basze Reactions Location

Gobalx [0 |
Global ¥ 0 in
Global Z 0 in

Monlinear Static Results
() Envelopes
(®) Step-by-Step

() LastStep in-and Out of Phase

Cancel

K. Click OK.

L. Select and copy the information from the Output Case, StepNum Unitless, and the
U3 in. column and paste them into an Excel worksheet. These columns represent
Load Case, Step Number, and Deflection for the Outside Girder, respectively.

3¢ Joint Displacements - m} x

File  View Edit Format-Filter-S5ort  Select  Options

Units: As Moted Joint Displacements ~
Fiter: m m
Joint OutputCadeemGew®ype  StepType  Droplumes” U1 [T — R1 R2 R3 ~
Text Text Text Unitless in in in Radi Radi Rad
» Let NonStatic Step 0 0 0 0 0 0 0
103 Lct NonStatic Step 1 0.002545 77E-05|  -0.087926| -26B1E-06 0.000169 |  5.324E-08
103 Let NonStatic Step 2 0.00509 0000154 -0175851| -5383E-06 0000338  1.06SE-07

M. Click Done.

N. Select the data collection point on the transverse member on the inside girder (E-
D) and repeat Steps G-L. However, for Step L, there is no need to copy Output
Case, Step Num Unitless again.

O. Select the joint on the transverse member on the outside girder at Transverse
Element 9 (at Longitudinal Element B) and repeat Steps G-L. This information
goes into the Delta 4 column. However, for Step L, there is no need to copy
Output Case, Step Num Unitless again.

P. Select the joint on the transverse member on the outside girder at Transverse
Element 9 (at Longitudinal Element C) and repeat Steps G-L. This information
goes into the Delta 3 column. However, for Step L, there is no need to copy
Output Case, Step Num Unitless again.
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Q. Select the joint on the transverse member on the inside girder at Transverse
Element 9 (at Longitudinal Element D) and repeat Steps G-L. This information
goes into the Delta 2 column. However, for Step L, there is no need to copy
Output Case, Step Num Unitless again.

R. Select the joint on the transverse member on the outside girder at Transverse
Element 9 (at Longitudinal Element E) and repeat Steps G—L. This information

goes into the Delta 1 column. However, for Step L, there is no need to copy
Output Case, Step Num Unitless again.

A B C +] E F a

H 1 ] K L M v x ¥ AL AR AC AD
1 Intact 06 CL G CL Point 4 I_ Point 2 Point 2 Point 1 Applied 06 15
Load Case |LoadStep| 0 |Delta(in}| Chord{rad) | Delta(in) | chord (rad) |Delta fin) |Detta (in)|Delta fin) [Detta (in |a 23 trad | 32 ra)] 2™ | cugeal) |oetta [hll SB[ ]| B0 | G =
2 [kip} [deg) [deg) | (deg) | (deg)
3 LK1 0] 0 [ 0.00000| [ 0.00000| 0] 0 0 [ 0] 0] 0] 0.00}
L1 1 0.05 =0.1037] 0.00015] -0.087920 0.00013) -0.10541) -0.10129|  -0.0942| -0.07905| 7.89e-05) 4.54£-05) G| 0.05) 0.10[  0.00861)
5 L1 2| 0.1 -0.2074 0.00030| -0.175851 0.00025| -0.21081| -0.20259| -0.18839| -0.15803( 0.000138| 9.B8E£-05| 132] O.JD| 0.21] 0.0172_2[ 0.15] 0.01460| 0.003043| 0.005662

S. Once all the data are collected, unlock the model by selecting the Lock tool on the
left hand side of the SAP2000 screen.
17. Analyze the fractured structure.

A. At mid-span along Gridline 9, replace the hinges of the outside longitudinal
element (Gridline B) with FracOUT hinges according to Step 10.

B. At mid-span along Gridline 9, replace the hinges of the first interior longitudinal
element (Gridline C) with FracInt hinges according to Step 10.

. . 22H1{LengbUT)
— | I|‘.||,- engOUT) lf-a--;‘rl angINT) 1"'""-' ongINT) ! I
{LengOLl ) gl Traced3H 1 Tean 1032 Tead @1 Trans)
| 1001 TeakliH1i Trans) g 10THRIT ! (Tranal 122 L
-~ _ o 100 . . 23H2(LengBUT)
[ 10H2(LengSUT) 44H1(LongINT) 431 LengINT)
| -~ ZiLangSUuT)

| —

- BH1{LangOUT) 45H2(Leng

|'¥|n T Transl lﬁﬂl"lrl.
! o J BHZ{LongOUT) 40H1(
|

- l BH1{LongOUT) 40H2(LengINT) (Lang

o0 1141 {TraidBH1Trans) 118H{Trary 1 TH1 (Trangi! 1 7H2{Trag
| } N TH2(LongSUT) 30H1(LangINT) S8H1iLang

)
1 8 I 51
JT H2(LangDUT)

C. Repeat Step 15 for the fractured case and collect the data accordingly.
18. Post-process the data.

A. In the Excel Sheet, the following values need to be calculated for each step.

e Omega (Q):

1
2; =0;_ .
0= it (# of Steps in Load case)

e Longitudinal Chord Rotation of Interior and Exterior Girder:

97



5
Chord Rot.singie span = —1 * (ﬁ) (rad).

e Transverse Deck Rotation:
53-8 5,8
0 a,_3= (M) - (—2 1) (rad).

S w

0 ay 3= (83_82) - (M) (rad).
o

S w

Where s = spacing between the interior top flanges of the inside
and outside girders and w = spacing between the top flanges of the
same girder.
e Applied Load:
0 Calculate unit applied load or applied load at 1 Q.
0 Unit Applied Loadgingie span = 1.25 *
Total Reactions from Dead Load Case + 2 x (2.33 *
HS?20 truck + 1.75 * Lane Load).
0 Applied Load = Unit Applied Load * .
B. Repeat Step A for the fractured case.
C. Calculate the initial stiffness for the intact bridge and instantaneous stiffness for
the fractured bridge.
e For the nonfractured condition (intact bridge), find the absolute displacement
for the outside girder at an Q value of 0.4:

0.4
Absolute Displacement 0G (at 2 = 0.4)

Initial Stif fness =

e For the Fractured case, add an additional column labeled stiffness:

02i—0Qi_4
6i—6i—1

Instantaneous Stif fnesspg_rraci =

D. Failure of the structure occurs at the Q of the fractured bridge at the first of the
following criteria:

¢ The instantaneous stiffness for the fractured outside girder is less than
5 percent of the initial stiffness of the intact outside girder.

e The chord angle of the outside girder for a simple spans or interior spans is
greater than 2 degrees. The chord angle for exterior spans of multi-span
bridges is greater than 3 degrees.

e The transverse deck rotation is greater than 5 degrees.

E. On a chart, plot the nonfractured outside and inside girder as well as the fractured
outside and inside girder with displacement on the primary x axis and the total
force on the primary y axis and Q on the secondary y axis.

F. Repeat Steps 11-18 for Span 2, if a different length. For Bridge 5, both Span 1
and Span 2 are 140 ft long, so no repletion is needed.
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Chord Angle, 6 (deg.) Relative slope, © (deg.)

0 5 10 15 0 1 2 3 4 5 6
4000 . . : : t . . . : t . . . . t . B o S B
+ 25
PO Long. -Quter Flange of 0G
3000 Transverse Negative
T r 2
Tr Positit
E ransverse Positive o
:‘i_, 2500 E‘
R B A T15¢
g 2000 'E
3 r§
T 1500 L1 &
}9- Qutside Girder (0G) F
1000 = = = Inside Girder (IG)
0G-Intact Bridge I 05
500 — = — IG-Intact Bridge I
o +~—r/r—1—7T""""""TT"T"—T"TTT—TT - 0

Maximum Deflection, & (in.)

6.3 OVERALL RESULTS FOR BRIDGE 5

Table 6.1 and Figure 6.2 depicts the overall results for Bridge 5, comparing all the three methods
using the upper-bound and lower-bound solution range of the yield line theory and the grillage
overstrength (load) versus deflection plots. FEM data are also shown in Table 6.1 and in Figure
6.2 to facilitate a thorough comparison. All three methods suggest that Bridge 5 could be

reclassified as nonfracture critical.

Table 6.1. Results Summary of Bridge 5.

Method of Analysis | Overstrength Factors Span 1 (140 ft) Span 2 (139.60 ft)
U Bound 1.39
QyigiaLine 1.40
Yield Line Theories
g B 1.28 128
Grillage Analysis Qiritiage 1.10 1.10
FEM Qrem 1.20 1.20
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Total Load, P, (kips)

Chord Angle, 0 (deg.) Relative Slope, 0 (deg.)

0 1 2 3 4 5 0 1 2 3 4 5 6
2500 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 I 1 I 1 I 1 I 1 I 1
] g / 1
2000 - B -
1500 + i
1000 + I
i —— FEM-0G 1
500 + —Grillage-0G |
1 ——VYL-UB i
] YL-LB i
0 -ttt L
0 10 20 30 40 50 60

Maximum Deflection, é (in.)
(i) Load displacement (ii) Deck rotations
Figure 6.2. Comparison of the Results for Bridge 5, Span 1 and 2, Lx = 140 ft.
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7. BRIDGE 10

7.1  YIELD LINE ANALYSIS EXAMPLE OF BRIDGE 10

This section documents the steps to compute the overstrength factor of Bridge 10 using the yield
line analysis (grillage analysis is explained in the next sub-section). Figure 7.1 presents the

dimensional details of the three spans of Bridge 10. Further details may be found in Appendix C.

T
Outside Stesl Twin Tub Girder (Fracture

Ly =
Inside Steel Twi

=30

h_'_‘tz—-—~—..+

(a) Bridge 10, Span 1 (Lx= 148 ft)

utside Steel Twin

Tub Girder (Fractu
65.00

Inside Steel Twin\ Tub Girder (Intact
I

(b) Bridge 10, Span 2 (Lx= 265 ft)

utside Steel Twin [Tub Girder (Fracture
5 = 189.58

s=T7.66
b=10.2

Inside Steel Twin| Tub Girder (Intact
I

(c) Bridge 10, Span 3 (Lx= 189.58 ft)
Figure 7.1. Schematic Diagrams of Bridge 10 (R, = 716 ft).

This section presents the stepwise procedure of the yield line analysis conducted to establish the
upper-bound and lower-bound solution range for the overstrength factor using the procedure of
Section 3. The moment capacities are computed using the methods explained in Section 5 and 6.
It should be noted that this bridge consists of two typical exterior spans with one support fixity

and one interior span with fixity at both the supports.

101



MOMENT CAPACITY OF DECK SLAB 1
(BRIDGE 10) 14
Description Parameter Data
Y % 1 Total width Bin 360
8 5 2 Thickness tin 8
A D . . .
0| =2 Section width bin 12
3| 4 Chavacteristic Compressive ' ksi 4
E :‘5 Strength fe ksl
[
Q
Q § & Strain Ecu 0.003
<'f ba Yield strength fy ki 60
p 2
<
fg E g Young's Modulus Eksi 29000
"3
9 Strain &y 0.002070
Movaent Covaputations Longitudinal Transverse
10 my my my, m,,
11 Top [Bottom| Top | Bottom
12 ®Bar No. 4 5 5 5
1= Dlameter of Bar dpin 0.5 0.625 | 0.625 | 0.625
J
TE 14 Avea of Bar Ao in? 0.2 031 | 031 0.31
»
é 15 Spacing sin - - 6 6
;;<ﬂ 1e No, O'IEBQYS #bar 41 33 - -
T
% 17 Aven of Steel Asin? 0.273 | 0.341 | 0.620 | 0.620
@
& 18 clear Cover ccin 2 1.25 2 1.25
Z
kg 19 | Effective depth (tension) din 5.125 |5.8125|5.6875| 6.4375
20 Effective depth (comp.) d’'in 2.1875 | 2.875 |1.5625| 2.3125
21 Depth of NA cin 1.06 1.06 | 1.34 1.67
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MOMENT CAPACITY OF DECK SLAB 2
(BRIDGE 10) 14
Mowment Computations Longitudinal Transverse
22 my my my, m,y,
2z Top Bottom Top Bottom
Z | 24 €rop | 0.011466 | 0.005115 |0.009770 | 0.001153
é 25 €por | 0.003174 | 0.013406 |0.000508 | 0.008561
26 pic ain 0.90 0.90 1.14 1.42
27 | Compression-Conertte | (Cc-kip | —36.86 | —36.86 | —46.34 | -57.93
8 | 22 Tenston/ Twpkip| 16.40 16.40 37.20 20.73
Eg_ 29 Compression-steel | 7, kin | 20.46 20.46 9.14 37.20
30 Bouilibrivum Check T4+ Ckip|  0.00 0.00 0.00 0.00
:
% 31 Mowment M, k-ft | 9.35 12.45 16.63 20.52
w
¥
) Top Top Top Top Not
Romarks: Yielded | Yielded | Yielded | Yielded
Bottome | Bottom Bﬁ::l;im Bottom
Yielded | Yieloed Vielded Yielded
Bot? S| g oth steel Bmz ST othn steel
W, tn Tension V\' n Tenston
Tensiton Tensiton
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POSITIVE AND NEGATIVE MOMENT OF INTACT SECTION 3
(BRIDGE 10, SPAN 1) 14
Mowment
Description Positive Negative
Y % 1 Total width Bin 180 Bin 180
85 Thickness tin 8 tin 8
A 0l = Haunch thickness hin 5 hin 5
L g Characteristic s
m ?—é * Compressive Strength feksi 4
S E 5 B 0.85
Ss|e Strain € 0.003
a Yield strength Lrksi 60 fksi 60
g Strain Rebar &, 10.002070
9 No of Bars at Top #top bars| 20.5 #top bars 20.5
10 No of Bars at Top Bent #top bars bent| 20
11 No of Bars at Bottom #botbars| 16.5 #bot bars 16.5
9q |22 Clear Cover Top CCrop IN 2 CCrop IN 2
;;_E 13 clear Cover Bottom CCpor IN 1.25 CCpor IN 1.25
&1 14 Transverse TD‘P Dlameter dp top tra in 0.625 dp top tra in 0.625
<
P\"y 15 Transverse Bottom Diameter db bottrain | 0.625 db bot train 0.625
§ 16 LOV\‘@’L‘UAD[LML TD’P Dlameter dp top longin 0.5 db top longin 0.5
8 17 LDVL@itMDﬁ.VLRL TO‘P Dlameter at Bents dp top long ‘in 0.625
2 12| Longitudinal Bottom Diawmeter | dpsoriongin| 0.625 |  dpsoriongin | 0.625
¥ [ Effective Depth Top dwpin | 2.88 drop In 2.88
20 dtop bent IN 2.94
21 Effective Depth Bottom dporin 5.81 dpotin 5.81
22 Area of Steel for #4 Bars A#in? | 0.196 Awain? 0.196
23 Aven of Steel for #5 Bars Asin? | 0.307 Agsin? 0.307
3 |24 Yield Strength F'yksi 50 F'yksi 50
E e Strain e 0.00172
3 26 Young's Modulus EKsi 29000
g |2 £/F) n 1.2 n 1.2
= .
Q |22 | Bffective Avea of Steel for #4 Bars | Apserrin® | 0.236 Aps.erin? | 0.236
E 29 | Effective Avea of Steel for #5Bars | Agsenin®| 0.368 |  Asserin® | 0.368
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POSITIVE AND NEGATIVE MOMENT OF INTACT SECTION 4
(BRIDGE 10, SPAN 1) 14
Moment
Description Positive Negative

20 Glrder Depth Dgin 80 Dein 83
0 31 Top Flange width berin 24 berin 24
E{ =2 Top Flange Thickness trin 1 tirin 3
@ 23 web width bw in 78 bw in 78
é =4 Web Thickness twin 0.625 tw in 0.9
J | =25 Bottom Flange width bprin 59 barin 59

26 Bottom Thickiness trin 1.25 trrin 2
0 |27 Compression Zone cin 30.14 cin 53.65
T
g =g bwin Comp, yin 16.14 yin 51.65
A =9 by tn Tension y'in 61.86 y'in 26.35

40 d Ceoncin 17.33 dArebartop in 39.48

41 d Crebarmpin 27.26 dArebartop pent IN| 39.41
Q| 42 Pistances of Compressive FOrCes y ¢, poomin| 24.32 | d Arcparbor in | 36.54
) and Tensile Forces from
g: 42 Newtral Axie/ d Cer1in 16.64 d A in 27.85
tﬁ 44 Distances D'fA'(&DlS in Tenston d Tw 7in 8.07 dAwi in 13.18
A and Compression from PNA

45 dTwzin 30.93 dAwz in 25.82

46 d Tprin 62.49 d Aprin 52.65

47 & Crebartop |0.00271

4L & Crebar bottom |0.00242
Z |49 £Cr  |0.00166
g 50 ECwi 0.00080

51 ETw> 0.00308

52 & Trr 0.00622
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POSITIVE AND NEGATIVE MOMENT OF INTACT SECTION 5
(BRIDGE 10, SPAN 1) 14
Mowment
Description Positive Negative

53 085fclﬂbt klp -4162 As top klp 5

54 As top bent klp 7

55 sto i - s bottom Ki
CE Compression. Fe/ As topty KIp 273 | Asbottom Kip 6
§ | = Tension Ar Asvowomfy Kip | 344 | Awkip | 144
1)
g |57 ZbutuFy Kip | ~2305 | Awikip | 46
Q
W

5¢ 2twyF’, Kip |-469.82

59 Tencion Fr/ 2twy'F, Kip | 3866 | Awzkip | —90

&0 Compression Ac butoF’y Kip | 3688 |  Asrkip | —118
9 e1 Fc kip —7554 ArKkip 208
é oo | Equiltbrivwm of Forces/Aveas Fr kip 7554 Ackip -208
3

63 Fc+ Fr kip 0 Ar+Ac Kkip 0
o |es (Half Section) 0.5M; k-ft | 40008 | 0.5M, k-ft| 58368
n
2
S |es (Full Section) My k-ft | 80016 | M, k-ft |116736
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POSITIVE AND NEGATIVE MOMENT OF INTACT SECTION &
(BRIDGE 10, SPAN 3) 14
Mowment
Description Positive Negative
9 % Total width Bin 180 Bin 180
25 Thickness tin 8 tin 8
“Bl= Haunch thickness hin 5 hin 5
J Chavracteristic Compressive .
E E * Strength ’ fe ksi 4
O Pls B 0.85
3 3e Strain £ 0.003
Ve Yield strength fy ksi 60 fy ksi 60
2 Strain Rebar &, 0.002070
9 No of Bars at Top #top bars| 20.5 #top bars 20.5
10 No of Bars at Top Bent #top barsbentf 20
Y 11 No of Bars at Bottom #botbars| 16.5 #bot bars 16.5
:S 12 Clear Cover Top CCtop iN 2 CCtop iN 2
L [z Clear Cover Bottom CChot iN 1.25 CChot iN 1.25
E,(Z 14 Transverse Top Diawmeter dbtoptrain | 0.625 dbtoptrain 0.625
T |15|  Transverse Bottom diameter | doborain | 0625 | dbborwain | 0.625
é 16 Longitudinal Top Dlameter dbtoplongin| 0.5 db top long IN 0.5
o |17 Longitudinal Top Dlameter at Bents db top long' IN 0.625
é 12| Longitudinal Bottom Dlameter  |dobotiongin| 0.625 | dbbotiongin | 0.625
19 Effective Depth Top dop in 2.88 diop in 2.88
20 dtop bent IN 2.94
21 Effective Depth Bottom Ooot in 5.81 Obot in 5.81
22 Avea of Steel for #4 Bars Asain® | 0.196 Assin? 0.196
23 Aven of Steel for #5 Bars Assin? | 0.307 Aus in? 0.307
D2 Yield Strength F'y ksi 50 F'yksi 50
g 25 Strain g 10.00172
2 |26 Young's Modulus E ksi 29000
g_ 27 £/F n 1.2 N 1.2
S a2z Effective Aven of Steel for #4 Bars | Aw. erf in?| 0.236 Asa.eff in? 0.236
g) 29 | Effective Avea of Steel for #5Bars | Ass e in?| 0.368 Ass_ eff in? 0.368
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POSITIVE AND NEGATIVE MOMENT OF INTACT SECTION Va
(BRIDGE 10, SPAN 3) 14
Mowment
Description Positive Negative

20 Glrder Depth Dgin 79.75 Dgin 83.5
e Top Flange width berin 24 berin 24
E 22| Top Flange Thickness trin 1 trin 3
@ 22 web wiolth bw in 78 bw in 78
% 24 web Thickness tw i 0.625 £ i 0.9
J [25] Bottowm Flange wWidth birin 59 birin 59

26 Bottom Thickness tprin 0.75 tprin 2.5
T Covapression Zone cin 22.18 cin 45.72
T
£ == bw in Comp, yin 8.18 yin 43.22
w
A =29 bwin Tension y'in 69.82 y'in 34.78

40 d Ceoncin 12.75 dArebartop in 47.91

41 D’ . S , d Crebar top |n 1930 dArebar top bent |n 4784

4 Ve ; .

@ 422 rstances 0{ DM:CPYCSSL d Crebar bottomin| 16.36 d Arebar bor IN 44,97
Q Forces anol Tensile Forces - -
<ZE 432 from Neutral Axis/ d Cirin 8.68 d A in 36.28
(}7) 44 Distances of Areas in Tenslon|  d Ty, 7in 4.09 dAwz in 17.39
A and Compression from PNA ) :

45 dTw:zin 34.91 dAwz In 21.61

46 d Tprin 70.20 d Aprin 44.47

47 £ Crebartop 0.00261

48 & Crebarbotrom 0.00221
Z |49 £ Cr 0.00117
g 50 eCwi 0.00055

51 eTw2z 0.00472

52 & Thr 0.00950
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POSITIVE AND NEGATIVE MOMENT OF INTACT SECTION g
(BRIDGE 10, SPAN 3) 14
Mowwent
Description Positive Negative
53 085f;-’ﬂbt klp —4162 As top klp 5
54 As top bent KIp 7
55 Asto £ Ki —273 As bottom ki
< Covapression Fo/ orly 1P tom P 6
gé 56 Tewnsion Ar As bottomly klp —344 Aer klp 144
X
8 57 2butuFy Kip | 1634 | Aw; Kip 61
%
e | =2 2twyFYy Kip |-163.91
59 Tension Fi/ 2twy'Fy kip | 4364 Awz Kip —76
co Compression Ac ooy Kip | 2213 | Asrkip —148
et Fc Kkip —6577 ArKip 223
g Equilibrium of
\i—_) ez Eorees) Aveds Fr kip 6577 Ackip —223
63 Fc+ Fr kip 0 Ar+ Ac kip 0
E o4 (Half section) 0.5My k-ft | 32207 | 0.5M, k-ft 64603
D
2
S | es (Full section) My kAft | 64414 | M, kft | 129206
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COMPUTATION OF OVERSTRENGTH FACTOR 9
EXTERIOR: 3-SPAN CASE (BRIDGE 10, SPAN 1) 14
Parameter | Formula/Definition/Equation Data
1 | Ly Span Length 148.00 ft
2 | Ra Radius of center Line 716 ft
E— = |B width 30 ft
% 4 | Le Outer region length LYy = (1 + 4;;%) L, |14955 ft
U\% 5 |s tnter Glroler Spacting 7.7 ft
& width of Girder + Edge 11.2 ft
F |t Deck Thickness 8.00 in
g | mx Longitudinal Positive Moment per ft 12 k-in/in
9 | m% Longitudinal Negative Mowment per ft 9 k-in/in
10 | my Transverse Positive Moment per & 21 k-in/in
11 | m'y Transverse Negative Moment per ft 17 k-in/in
12 | 0.5My Negative Moment at Support 58368 k-ft
Fraction of Length from the exterior
SEERD! S 0.40
pS support at which girder is fractured
2
Q |14 |tan©® tan @ = /M 131 (©6=525°)
A my + my
Y
g _ 3 Cco
3 15 | tan a tana = . 0.10 (©6=5.9)
X
upper !
5 16 kbound [1 + 2 tan OL] = 1 + ﬁ M 1.16
E 6 Ly my +my,
2
Z |15 | kiowen [1 4 plan °‘] =1 + 8 |mxtmy 1.01
0 my +m,,
upper myb O-SM;
1€ IWDupper (m +m ) ( ) bound L (A—AZ) + (1—A)Lx 1070 k-ft*
lower myb 0.5Mp
19 | WDiwer | (m,, +m,) ( ) Kpina + oo+ o | 1018 ket

Note: *: A unit deflection (6 = 1) is considered; therefore, the unit of internal work is in k-ft
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COMPUTATION OF OVERSTRENGTH FACTOR 10
EXTERIOR: 3-SPAN CASE (BRIDGE 10, SPAN 1) 14
Parawmeter Formula/Definition/Equation Data
20 | DL pead Load Factor 1.25
21 | LL Live Load Factor 1.75
22 | SAF Stiffener Allowance Factor 1
23 | ye Unit welght of relnforceo concrete 0.15 kcf
Avea Load due to relnforced concrete + y
24 | wy ¢ 0.64 0.218 ksf
Lane Load DL)/C I + LL - ETY
25 | ys Unit welght of steel 0.49 kcf
% 26 |V, volume o-f qirder 252 i3
UZS 27 | Ar Avea D'f Rail Cross-Section (T4 (S)) 1.25 ft2
8 22 | Vr Volume of Rail = LxAr 187 ft3
Y
§ 29 | Wk 1.25 (1.15V,ys + Vryve) /Ly 1.42 kit
:)( (b + 15) for (b +s) <21
s — or (b +5) <
Z =0 |y (Lane 2) (b +s—18) for (b +5) > 21 3.83 fi
x y y
W | 21 | Kine 1+ O.5;for (b+s) <21; 1 + ;for (b+s) > 21 1.25
261.33 1045.33
22 | EWDas-20 (168 T m) Lane 190 k-ft
=23 WET WuLx(b + 055) + M/xLx + ZEWDHSZO 1082 k'ﬁ
24 | EWD 0.5 Wer 541 k-ft*
h
i 35 .Qupper IWDupper/EWD 1.98
3
?Q 326 | Qiower IWDlower/EWD 1.88

Note: *: A unit deflection (& = 1) is considered; therefore, the unit of external work is in k-ft
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COMPUTATION OF OVERSTRENGTH FACTOR 11
INTERIOR: 3-SPAN CASE (BRIDGE 10, SPAN 2) 14
Parameters | Formula/Definition/Equation Data
Ly Span Length 265.00 ft
. Ro Radius of center Line 716 ft
E = |B Width 30 ft
i
S|4 | LY Outer region length Ly = (1 + )Lx 267.78 ft
3 4-RCL
g5 [s tnter Glrdler Spacing 7.7 ft
& |b width of Girder + Edge 11 ft
7 |t deck thickness 8 in
€ | mx Longitudinal Positive Moment per ft 12 k-in/in
9 | mk Longitudinal Negative Mowment per ft 9 k-in/in
10 | my Transverse Positive Moment per ft 21 k-in/in
11 | m) Transverse Negative Moment per ft 17 k-in/in
12 | 0.5Mpr Negative Moment at Support 1 58368 k-ft
g 1= | 0.5Mpxr Negative Mowment at Support 2 64603
w 7
& |14 |tan® tan@ = /w 131 (©=539
Q my + my
v
O |15 | tana tana = 22 0.06 (0=3.3°)
2 X
2% tan a 4s |my+m
1o | gupver [ ] =143 |Mxtmy 1.09
é bound 1+2 no 1+Lx m;,+my
R PR 1= R Ry LS 1.00
0 my +m,,
! Ly upper - 2
18 IWDupper (my + my) (;) bgsnd + + (0 5M + O'SMpZ) Z 1620 k'ft *
! Ly ower -
19 | WhDiower | (m, +m,) (2—) Kovr 4+ 2y (05M3, + 0.5M, 1566 k-ft *

Note: *: A unit deflection (8 = 1) is considered; therefore, the unit of internal work is in k-ft
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COMPUTATION OF OVERSTRENGTH FACTOR 12
INTERIOR: 3-SPAN CASE (BRIDGE 10, SPAN 2) 14
Parawmeter Formula/Definition/Equation Data
20 | DL pead Load Factor 1.25
21 | LL Live Load Factor 1.75
22 | SAF Stiffener Allowance Factor 1.15
22 | ye Unit weight of velnforced concrete 0.15 kcf
Avea Load due to relnforced concrete +
= | wu laneload DLy, —+LL-*> 0.22 kst
§ 25 | ys Unit weight of steel 0.49 kcf
D | 26 Vg volume D'f C(LYD[GY 519 ft3
L(ZL; 27 | A, Avea of Ratl Cross-Sectlon (T4 (S)) 1.95 fi2
3 22 | v Volume of Rail = LxAr 335 ft3
v
% 29 | Wk 1.25 (1.15V,ys + Vove) /Ly 1.60 k/ft
) (b +s—15) for (b +s) < 21
% =0 |y (Lane?2) (b+s—18) for (b +5s) > 21 383 fi
E 21 | Kiane 1+ o.5§for (b+s) <21; 1 + ffor (b+s) > 21 1.25
o
32 | EWDns-20 (168 - Zilg) Kiane 198 Kk-ft
22 | Wer wy Ly (b + 0.55) + W, L, + 2EW Dy 1701 k-ft
=4 | EWD 0.5 Wer 851 Kk-ft*
v)
5 35 .Qupper IWDupper/EWD 1.90
7
?}j 26 | Qiower I WDlower/ EWD 1.84
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L,(A—2?) + (1L,

COMPUTATION OF OVERSTRENGTH FACTOR 13
EXTERIOR: 3-SPAN CASE (BRIDGE 10, SPAN 3) 14
Parameters Formula/Definition/Equation Data
Lx Span Length 189.58 ft
. Ro Radius of center line 716 ft
E = | B width 30 ft
i
> |4 | Ly Outer region length Ly, = (1 +— )Lx 191.57 ft
Q) 4Rcy
S5 |s (nter Glrder Spacing 77 ft
& |b width of Girder + Edge 11.2 ft
7 |t Deck Thickness 8.00 in
g | mx Longitudinal Positive Moment per ft 12  k-inf/in
9 | mk Longitudinal Negative Mowment per ft 9 k-infin
10 | my Transverse Positive Moment per ft 21 k-in/in
11 | m'y Transverse Negative Mowment per ft 17 k-in/in
12 | My Negative Moment at Support 64603 k-ft
§ =7 Fraction of Length from the exterior 0.40
= support at which glroler ts fractured '
W
Z !
Q |14 [tan® tang = |ty 131 (6=52.5)
9 my + my
v
S |15 |t tana = 2 0.08 (0=4.6°
3 an a ana == . (6=4.6")
J
<Z( tan o 4s [mi+m
16 | 1PPer = 2 Mxr My
: kprver 125 =147 e 1.12
=
Zz 2 2 7
= 4 lower tan“ a — 8s” |my +my
7 | klower, [1+252 =1+ e 1.01
’ Lx upper mxb OSM;
18 IWDupper (my + my) (;) kbound + Lx()\—)\z) + (1—)\)Lx 189.58 k-ft*
. . b 0.5M}
19 | IWDiower (m, +m,) (z—) Jelower v 716 k-ft*

Note: *: A unit deflection (8 = 1) is considered; therefore, the unit of internal work is in k-ft
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COMPUTATION OF OVERSTRENGTH FACTOR 14
EXTERIOR: 3-SPAN CASE (BRIDGE 10, SPAN 3) 14
Parawmeter Formula/Definition/Equation Data
20 | DL pead Load Factor 1.25
21 | LL Live Load Factor 1.75
22 | SAF Stiffener Allowance Factor 1
22 | ye Unit weight of velnforced concrete 0.15 kcf
Avea Load due to relnforced concrete +
24 | wy t _0.64 0.218 ksf
lane Load DLy, 5t LL 5
25 | ys Unit welght of steel 0.49 kcf
% 26 | v, volume of Glrder 335 f3
UZS 27 | Ay Avea D'f Rail Cross-Section (T4 (S)) 1.25 ft2
8 22 | Vr volume D'(: rail = L:Ar 239 ft3
Y
é 29 | Wy 1.25 (1.15V,ys + Vove) /Ly 1.46 k/ft
J
X (b +s — 15) for (b+s) < 21
2 =0 |y (Lane 2) (b + s — 18) for (b+s) > 21 383 ft
é 21 | Kiane 1+ o.5§for (b+s) <21; 1 + ffor (b+s) > 21 1.25
261.33 1045.33
22 | EWDus-20 (168 T m) Lane 194 Kk-ft
22 | Wer wy Ly (b + 0.55) + W, L, + 2EW Dy 1297 k-ft
24 | EWD 0.5 Wer 648 Kk-ft*
)
K 25 | Qupper IWDupper/EWD 1.67
7
?Q 326 | Qiower IWDlower/EWD 1.59
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7.2  GRILLAGE ANALYSIS EXAMPLE OF BRIDGE 10

The following steps are explained to conduct the computational implementation of grillage

analysis of Bridge 10.

1. Gather bridge geometry and material information.

L ocation Top Flange Web Bottom Flange Sec. Type
ft Width Thigkness Width Thi(_:kness Width Thigkness Section | Rebar
in. in. in. in. in. in.

0-50 24 1.00 78 0.625 59 0.750 1 Reg.
50-98 24 1.00 78 0.625 59 1.250 2 Pier
98-131 24 2.00 78 0.75 59 2.000 3 Pier
131-181 24 3.00 78 0.875 59 2.000 4 Pier
181-230 24 1.00 78 0.875 59 1.250 5 Pier
230-247 24 1.00 78 0.75 59 1.000 6 Reg.
247-297 24 1.00 78 0.75 59 1.250 7 Reg.
297-330 24 1.00 78 0.75 59 1.000 8 Reg.
330-380 24 1.00 78 0.875 59 1.250 5 Pier
380-396 24 2.00 78 0.875 59 1.250 5 Pier
396-430 24 3.00 78 0.875 59 2.000 9 Pier
430-447 24 3.00 78 0.875 59 2.000 9 Pier
447-464 24 2.00 78 0.75 59 1.250 10 Pier
464-499 24 1.00 78 0.75 59 1.250 10 Pier
499-602 24 1.00 78 0.625 59 0.750 1 Reg.
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Location Parameter Description/Value
. Harris County,

Location IH 10 y
Year Designed/Year Built 1998/2002

Bridge | Design Load
Length, ft 602.58
Spans, ft 148, 265, 189.58
Radius of Curvature, ft 716.2
Width, ft 30
Thickness, in. 8

Deck Haunch, in. 5
Rail Type T4(s)
# of Bar Longitudinal Top Row (#4) 42
# of Bar Longitudinal Bottom Row (#5) 32
# of Bar Longitudinal Top Row (#4) @sup- 42
port

Rebar # of Bar Longitudinal Top Row (#5) 40
@support
# of Bar Longitudinal Bottom Row (#5)
@support 32
Transverse Spacing Top Row (#5), in. 6
Transverse Spacing Bottom Row (#5), in. 6

Girder CL of Bridge to CL of Girder (in.) 45
CL of Top Flange to CL of Top Flange (in.) 96
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2. Determine material constitutive behavior.

Concrete (4 ksi)

Rebar (60 ksi)

Steel (50 Ksi)

Stress Strain
(ksi) (1/in)
—4 —3.79E-03
—4 —3.56E-03
—4 —2.69E-03
—4 —1.78E-03
—3.8205 | —1.40E-03
—2.8718 | —8.69E-04
—0.6403 | —1.78E-04
0 0
0.378 1.06E-04
0.378 1.16E-03

Stress Strain Stress Strain
(ksi) (1/in) (ksi) (1/in)
-87.9 —0.095 -71.6 -0.1
—-87.9 —-0.0944 -71.6 —-0.097
—86.6 —-0.0761 -71.6 —0.095
—78 —0.0386 -71.6 —0.0946
—60.7 —9.80E-03 —-70.3 —0.0764
—60.3 —2.08E-03 —62.5 —0.039
0 0 -50 —0.0196
60.3 2.08E-03 -50 —1.72E-03
60.7 9.80E-03 0 0
78 0.0386 50 1.72E-03
86.6 0.0761 50 0.0196
87.9 0.0944 62.5 0.039
87.9 0.095 70.3 0.0764
71.6 0.0946
71.6 0.095
71.6 0.097
71.6 0.1
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3. Create a coordinate system for the half width of the span for each cross-section. An

example of the first cross-section is shown below.

{-180,26) (-170,26)
(-180,8) (-170,8) (-93.8)
(-180,0) {-153,0) {-123,0) (-93.0) (-57,0) (-33,0)
(-153,-5) (-129,-5) (-57,-5) (-33,-5)
[-153,5) [-129,-5) {-57,-5) [-23,-5)
[153,-6) (-123,6) (57,6) [-33,-6)
(-141.3125,-5) (-140.6875,5) (-45.3125,6) (-44.6875,-6)

[-121.5,-84) {-120.875,-84) {-93,-84) (-65.125,-84) (-64.5,-82)
L I 1
(-1215,84.75) (-93,-84.75) (-70,-84.75)
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4. Create a cylindrical coordinate system for the curved bridge and ensure that the middle
transverse divisions are 7 ft because this will aid is applying the truck load, whose axles
are separated by 14 ft.

Length (ft)*12

84 in (7ft)

148%12
o #of Segmentsspan1 = ( ”

A. #of Segmentsper span = ( ) rounded to nearest even number:

) — 21.428, or 18.

265%12
o #of Segmentsspan, = ( ”

) — 37.857, or 36.

190%12
o #of Segmentsspans = ( -

) — 27.143, or 24.

((Length*12)—(# of Segments*84))
2
_ ((148+12)—(18+84))

B. End Segment Length =

e End Segment Lengthg,qn 1 = 5 =132 in.
e End Segment Lengthgspgn, = ((265*12)2 (G6:84) _ = 78 in.
e End Segment Lengthg,qn 3 = ((190*12)2 @48) _ =132 in.

Total Length

Radius
e Theta = ;;063 = 0.84194 rad.,or 48.24 degrees.

D. Determine the radial offsets using the outside edge, the outside flange, the inner
flange, and CL of the bridge.

C. Theta

Offsets (in.
Edge 180
Outside Flange 141
Inner Flange 45
CL of Bridge 0
Radial Spacing (in.)
A 8774.4 | CL + Edge
B 8735.4 | CL + OF
C 8639.4 | CL +IF
Center Line | 8594.4 | or 450 (ft)
D 85494 | CL-IF
E 8453.4 | CL — OF
F 8414.4 | CL — Edge

E. The longitudinal spacing along theta is determined by converting the longitudinal
segment lengths into degrees.
e The segments vary in length. The total length is 603 ft, or 7236 in.

e Radial Spacing (rad) = 2229-°Pacing

Radius

e Radial Spacing (degree) = Radius Spacing (rad) * %.
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Long. | Radial | Radial
Spacing | Spacing | Spacing

(in.) (rad.) (deg.)
0| 0.0000 0.000
132 | 0.0154 0.880
216 | 0.0251 1.440
300 | 0.0349 2.000
384 | 0.0447 2.560
468 | 0.0545 3.120
552 | 0.0642 3.680
636 | 0.0740 4.240
720 | 0.0838 4.800
804 | 0.0935 5.360
888 | 0.1033 5.920
972 | 0.1131 6.480
1056 | 0.1229 7.040
1140 | 0.1326 7.600
1224 | 0.1424 8.160
1308 | 0.1522 8.720
1392 | 0.1620 9.280
1476 | 0.1717 9.840
1560 | 0.1815| 10.400
1644 | 0.1913 | 10.960
1776 | 0.2066 | 11.840
1854 | 0.2157 | 12.360
1938 | 0.2255| 12.920
2022 | 0.2353 | 13.480
2106 | 0.2450 | 14.040
2190 | 0.2548 | 14.600
2274 | 0.2646 | 15.160
2358 | 0.2744 | 15.720
2442 | 0.2841| 16.280
2526 | 0.2939 | 16.840
2610 | 0.3037 | 17.400
2694 | 0.3135| 17.960
2778 | 0.3232 | 18.520
2862 | 0.3330 | 19.080
2946 | 0.3428 | 19.640
3030 | 0.3526 | 20.200
3114 | 0.3623 | 20.760
3198 | 0.3721 | 21.320
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3282 | 0.3819 | 21.880
3366 | 0.3917 | 22.440
3450 | 0.4014 | 23.000
3534 | 0.4112| 23.560
3618 | 0.4210 | 24.120
3702 | 0.4307 | 24.680
3786 | 0.4405| 25.240
3870 | 0.4503 | 25.800
3954 | 0.4601 | 26.360
4038 | 0.4698 | 26.920
4122 | 0.4796 | 27.480
4206 | 0.4894 | 28.040
4290 | 0.4992 | 28.600
4374 | 0.5089 | 29.160
4458 | 0.5187 | 29.720
4542 | 0.5285 | 30.280
4626 | 0.5383 | 30.840
4710 | 0.5480 | 31.400
4794 | 0.5578 | 31.960
4878 | 0.5676 | 32.520
4956 | 0.5767 | 33.040
5088 | 0.5920 | 33.920
5172 | 0.6018 | 34.480
5256 | 0.6116 | 35.040
5340 | 0.6213 | 35.600
5424 | 0.6311| 36.160
5508 | 0.6409 | 36.720
5592 | 0.6507 | 37.280
5676 | 0.6604 | 37.840
5760 | 0.6702 | 38.400
5844 | 0.6800 | 38.960
5928 | 0.6898 | 39.520
6012 | 0.6995| 40.080
6096 | 0.7093 | 40.640
6180 | 0.7191 | 41.200
6264 | 0.7288 | 41.760
6348 | 0.7386 | 42.320
6432 | 0.7484 | 42.880
6516 | 0.7582 | 43.440
6600 | 0.7679 | 44.000
6684 | 0.7777 | 44.560
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6768 | 0.7875| 45.120
6852 | 0.7973 | 45.680
6936 | 0.8070 | 46.240
7020 | 0.8168 | 46.800
7104 | 0.8266 | 47.360
7236 | 0.8419 | 48.240

e Int.Transverse Element width = 84 in.

e End Transverse Element = 132 — (%) =90 in.

e Pier Tansverse Element = 132 + 78 — 84 = 126 in.
5. Input the coordinate system into SAP2000.
A. Select File > New Model > Blank model (making sure units are in kips and in.).
B. Right click on the blank workspace and select Edit Grid Data > Modify/Show
System > Quick Start > Cylindrical.
e In the Number of Gridlines panel, set “Along Z = 1.”
e In the Grid Spacing panel, set “Along Z =1.”
e Select OK.
¢ Delete all R and T Coordinates that were generated.
C. Add correct coordinates for R.

All radial coordinates (A, B, C, D, E, and F).

D. Add correct coordinates for T.
¢ All theta coordinates for T (0 to 7236 in.)
e Click OK.

E. The grid system is now formed.
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3 Define Grid System Data

Grid Lines
R Grid
Grid ID Ordinate (in} Line Type Vigible Bubble Loc Grid Color
84144 Primary Yes End
E 84534 Primary Yes End
D 8545 4 Primary Yes End
d 86354 Primary Yes End
B 87354 Primary Yes End
A gridd Primary Yes End
Display Grids as
T Grid
@ Ordinates O Spacing
Grid ID Angle (deg) Line Type Visible Bubble Loc Grid Color
0 Primary Yes End
2 088 Primary Yes End (] Hide Al Grid Lines
3 1.44 Primary Yes End Glue to Grid Lines
4 2 Primary Yes End
5 256 Primary Yes End Bubble Size
6 112 Primary Yes End
R | Resetto Defautt Color
Grid ID Ordinate (in} Line Type Visible Bubble Loc | Reorder Ordinates
0 Primary Yes End
[ ok ] | cancel
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6. Define material in SAP2000.

A

B.

mo

Click Define > Materials -> Add New Material > Material Type (Steel, Concrete,
or Rebar) > Standard (User) > OK.

At the bottom of the window, select the box that states, “Switch to Advanced
Properties.”

In the open window, name the material “Concrete,” “Steel,” or “Rebar”
depending on which material is being defined. Then click “Modify/Show Material
Properties.”

In the Material Property Data window, click the “Nonlinear Material Data” icon.
In the Nonlinear Material Data window, select the “Convert to User Defined”
icon.

Input the number of data points for the stress strain behavior (10 for concrete,

13 for rebar, 17 for steel).

Input the data points for the stress strain behavior.

Select “OK.”

Repeat this process again for the remaining materials.
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)
| Edit
- |

Material Mame Material Type:
| Concrete Concrete
‘
Hysteresis Type Drucker-Prager Parameters Units

1
Takeda w Friction Angle Kip, in, F R
Dilatatienal Angle

Stress-Strain Curve Defintion Options
D Parametric
@ User Defined

User Stress-Strain Curve Data

Number of Points in Stress-Strain Curve

f Strain Stress Point ID

1 -3.790E-03 -4 -E

2 -3.580E-03 -4,

3 -2 690E-03 -4

4 -1.780E-03 -4 -C et

5 -1.400E-03 -3.8205
! [ -3.680E-04 -2.8718

7 -1.720E-04 -0.6403

g 0. o A Order Rows

9 1.060E-04 0.378 B

10 1.180E-03 0.378 E

oK Cancel

7. Define frame cross-sections in SAP2000.
A. Click Define > Section Properties > Frame Sections > Add New Properties.

B.

In the Frame Section Properties drop-down box, select Other and click Section
Designer. In the SD Section Designer window, name the section B5Long1 and
click the Section Designer icon.
Using the Polygon feature, draw the features of the half width of the bridge from
Step 3. These features include one rail, two concrete deck pieces, two concrete
haunches, two top flanges, two webs, and two pieces of the bottom flange.

¢ To change material types for the polygons, right-click on the polygon and

select the desired material type from the material drop-down menu.

¢ To change the coordinates of the polygon’s nodes, use the Reshaper tool.
Add in the longitudinal rebar to both concrete deck elements by using the Line
Bar from the Draw Reinforcing Shape tool. From the design drawings, it can be
determined that there are 10 #4 top bars and seven #5 bottom bars in the outer
concrete deck element and 11 #4 top bars and nine #5 bottom bars in the inner
concrete element. At the pier support, 10 additional #5 top bars are added to the
top of the outer concrete deck and 10 additional #5 top bars are added to the inner
concrete deck, with a 2 in. top cover and transverse reinforcement. The top bars
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F.

are located at 5.0625 in., with a 1.25-in. bottom cover and transverse
reinforcement. The top bars are located at 2.1875.
Click Done (below is an example of the 1st cross-section).

B Section Deugner - o 4
file [Edt View Define Oraw  Select DOoplay Optiors  Help

f ppapRpPE MP LS

4|5

SN A90H~

]

1y Py X T84TV w2 12 g ol - Dara

Repeat this process for the remaining longitudinal elements.

G. Repeat the process for the transverse elements.

e In the SD Section Designer window, select Modifiers and set Mass and
Weight to 0 to not double-count the dead weight.

e The interior transverse members are 84 in. wide (end members are 90 in.
wide and pier members are 126 in.), with #5 rebar at 5 in. spacing at
5.6875 in. and 1.5625 in.

5 Sectron Desgres - o x
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H. To generate an exterior longitudinal member and an interior longitudinal member,

make two copies of the B10Long1.1 section. Label one Long1Out and one
Longlint.
e For the Long1Out, delete every element right of the CL.
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e For the Longlint, delete every element left of the CL.
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¢ Repeat this process for all cross-sections.
I. To generate a simulated fracture section, make copies of Long1Out and Longlint.
e The reason Long1Out and Longlint are chosen for the fractured section is
because the fracture occurs at 0.4*L, or 710 in. On the radial spacing
table, Longl is the section used at 710 in.
e Name the Long1Out copy Fracintl.1.
0 Delete the bottom flange, web, and top flange of the steel tub.
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e Name the LonglIint copy Fracintl.1.
o Delete the bottom flange, web, and top flange of the steel tub.
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8. Generate plastic hinges for frame elements in SAP2000.
A. Define > Section Properties > Frame Sections.
B. Select the desired cross-section. Hinges will need to be made for all of the

necessary cross-sections.
C. Once selected, click Modify/Show Property > Section Designer.
D. Once in the section designer, select the Moment Curvature Curve tool.
E. Inthe Moment Curvature Curve window, select Details.
e Copy the moment curvature data to an Excel file.
e Select OK.
F. Inthe Moment Curvature Curve window, change the angle (deg) to 180, then
select Details.
e Copy the moment curvature data to the same Excel file as the one used
previously.
e Select OK.
G. Generate a Normalized Moment Curvature Diagram.
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e Normalize the moments by dividing each of the positive moments by the
maximum positive moment and the negative moment by the maximum
negative moment, and divide the curvatures by the curvatures
corresponding to the maximum and negative moments.

e Plot the normalized positive and negative moment curvatures on a chart.

¢ Create a hinge moment curvature plot on the same chart with four positive
moment points and four negative moment points without generating a
negative slope.

A il v 2] E ¥ G H | ] K L M N o L Q R & T u v w
2 |Positive

3 |Concrete | Neutral A:Steel Steal Tendan StConcrete iSteel Com Steel Ten: Prestress Net Forge Curvature Moment L] €

w

4 [ 0 [ 0 0 0 ] [ [ [ [ [ 0.00
5 |-S830-04 -0.202 9.540-04 0 -1020 -134.048 1157457 0 0.6999 L39E-05 92327 0424291 0.14
& | -1.39¢-03 18021 246k-03 o <18 -ITRSTI MEO.T1R o 5396 1ATE-05 1RRE6IT 0.865863 0.36
7 |-2.20803 65568 4T2E03 [ 275  -258.87 2968071 0 431E02 624805 210140 0965704 0.64 o o =i
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10| -S.91E-03  10.2334 1.42E-02 a 162 271373 A3R3 T2 1] 04761 0.00015F 213039 0.973028 193
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1 00349 -20.6182  0.0242 0 0 -1906 1906531 0 01244 0000534 152451 0.70073 5.50 .
6 0.0411 240453 ouoze o L «1961 1960493 0 -9.668-02 0.000624 156837 0.730002 GA3 -
0.0476 241875  0.0323 0 0 2034 2033797 0 00141 0000722 162696 0747674 7.43
1 0.0546 -24.3215  0.0369 0 0 2115 2115214 0 0015 0.000826 165211 0.777613 850
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H. Define Hinge Length.
e The hinge length is one half of the section depth.
0 Hingeong = 0.5 * (Deck thickness + haunch height +
top flange thickness + web height +
bottom flange thickness):
a. Hingeyyng =45 in.
0 Hingep,q. = 0.5 * (Deck thickness + haunch height):
a. Hingepyq. =7 in.
0 Hingeqr,qns = 0.5 * (Deck thickness):
a. Hinger,yqns = 4 in.
I.  Make the plastic hinge in SAP2000.
e Select Define > Section Properties > Hinge Properties > Add New
Properties.
e In the Type window, select Moment Curvature and input the
corresponding correct hinge length.
e In the Moment Curvature table, insert the four positive and four negative
normalized moment curvatures and the zero point.
e Uncheck the symmetric box and select the Is Extrapolated option in the
Load Carrying Capacity beyond Point E window.
e In the Scaling for Moment and Curvature window, insert the maximum
positive moment and corresponding curvature as well as the maximum
negative curvature and corresponding curvature.
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e In the Acceptance Criteria, use the values 1, 2, and 3 for Immediate
Occupancy, Life Safety, and Collapse Prevention in the positive column
and —1, —2, and —3 for the negative column.

¢ Repeat for all remaining frame sections.

:x: Frame Hinge Property Data for L1.10UT - Moment M3
Edit
Displacement Control Parameters
Type
Point Moment/SF Curvature/SF 2 () Moment - Rotation
- -1.36 -35. @ Moment - Curvature
> 1% 2 Hinge Length
c- -1 -1
Relative Length
. 2% J O o
A 0. 0. —ot Hysteresis Type And Parameters
B 0.986 0.54
w 1 1. Hysteresis Type Isotropic ~
[ symmetric
1 3. v No Parameters Are Required For This
1 1 Hysteresis Type

Load Carrying Capacity Beyond Point E

O Drops To Zero

(® Iz Extrapolated
Scaling for Moment and Curvature

Positive Negative
[] usevied Moment  MomentSF  |217603. | [1a0128. |
[] UseYield Curvature  Curvature SF  [8710E-05 | [6.240E-05 |
(Steel Objects Only)
Acceptance Criteria (Plastic Curvature/SF)
Positive MNegative
- Immediate Occupancy |1. | |—1. |
Lie Safety 2 | [2 | Cancel

- Collapse Prevention |3. | |—3. |
[] show Acceptance Criteria on Plot

9. Assign frame members to grid.

A. Select the Draw tab > Quick Draw Frame/Cable/Tendon.

B. In the Section drop-down menu, select the appropriate cross-section and click on

the grillage grid member.

131




&
=
i)

o

o

10. Assign hinges to frame elements.
A. The longitudinal hinges are placed at the ends of the longitudinal frame elements
or at a relative distance of 0 and 1.
B. The transverse hinges are placed at a distance of half a top flange width away

from the node.
24

half flangewidth _ 4 _ 5 _ (6923,

e Hinge LoC.pto g =

Element Width 39
e Hinge LOC.g top and c to B = hc;zg:;lf;/:ggh = 2:22 = 0.125and (1 —
0.125) or 0.875.
o Hinge Loc.p 4, ¢ = 2 flange width _ 242 _ 3 1333 gnd (1 —

Element Width 90
0.1333) or 0.8667.

, half flange width 24/2
e Hinge LoC.gtp 4= f Jlang =2

Element Width 5o = 0-3077.
C. In SAP2000, assign the hinges to corresponding frame elements.

e Select the desired frame elements you wish to assign hinges to, such as
Long1Out. (The elements will turn from blue to yellow).
e In SAP2000, select the Assign tab > Frame > Hinges.
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From the drop-down menu, select Long1Out and set relative

o]
distance to 0 and click ADD.

o0 From the drop-down menu, select Long1Out and set relative
distance to 1 and click ADD.

o Click OK.

I}_{: Assign Frame Hinges

Frame Hinge Assignment Data

Relative
Hinge Property Distance
Auto v |0
L1.10UT 0
SEEE 1 Add Hinge... |
Modify/Show Auto Hinge..
Delete Hinge

Current Hinge Informaticn
MNo hinge is currently selected

Opticns
() Add Specified Hinge Assigns to Existing Hinge Assigns
(®) Replace Existing Hinge Assigns with Specified Hinge Assigns

Existing Hinge Assignments on Currently Selected Frame Objects

Number of Selected Frame Cbjects: 1
Total Mumber of Hinges on All Selected Frame Objects: 2
Alll 2 existing hinge assignments will be removed when the above hinge assignment is applied

Fill Form with Hinges on Selected Frame Object

| QK ‘ ‘ Close ‘ ‘ Apply |

¢ Repeat the previous step of assigning the hinges for all other frame
elements.

133



3481 [Trap8EMEY( Trans [y B30 A Trans EMOH 1(TransEBE)HA(TransEBAIH 1 (Trans ENB32H 2 TrapsEMDN|TransEND)

11. Assign loads to the frame elements.
A. Wheel Axle Loads.

o Axle loads will be placed at distances of 36 in., 108 in., 180 in., and
252 in. from the outside of the curved edge.

¢ One line of the 16 kip axles will be placed at the 0.4L point of the bridge,
or Transverse Grid 9, with the second line 14 ft away at Transverse Grid 7.
One line of 4 kip axles will be placed 14 ft away from the first line of
axles, at Gridline 11.

¢ In SAP2000, the loads have to be placed at a relative distance, so this

value needs to be calculated.
L1—-36 _ 39-36

0 HS204xe11 Loc (B-4) — L 39 0.0792.

O HS204xe12 10c () =~ = S0 = 02813,

o HSZOAxel 3 Loc (D—C) — L1+L2:L3—180 — 39+96;—zo—180 — 05
o HSZOAxel4LOC (E-D) — L1+L2+i;4+L4_—252 — 39+96+9900+96—252 —

0.7188.
B. Lane Loads

e Lane Loads are lane loads of 0.640 kip/ft (0.05333 kip/in.) centered at a
distance of 96 in. and 240 in. from outside of the curved edge.

e These lane loads will be placed on the longitudinal frame elements. They
will be assigned to elements along the B, C, D, and E longitudinal
elements according to the appropriate tributary distance.

0 LaneLoadp = (Llﬂi_%) * laneload = (W) * 0.05333 =
0.021667 .

0 Laneload; = laneload — laneloady = 0.05333 — 0.021667 =
0.031667 L.
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Li+Ly+L3+Ly—240

0 Laneload) = (

Ly
394+96+90+4+96—240 klp
( " ) +0.05333 = 0.045°2

O Laneloady = laneload — laneloadD = 0.05333 —0.045 =
0.00833 5L

C. In SAP2000, the load patterns must first be defined.
e Select the Define tab > Load Patterns.

0 Under the Load Pattern Name, enter HS20 1 and change the type
in the drop-down menu to Live. The self-weight multiplier should
be set to 0. Then click Add New Load Pattern.

0 Under the Load Pattern Name, enter LaneLoadl and change the
type in the drop-down menu to Live. The self-weight multiplier
should be set to 0. Then click Add New Load Pattern.

) * laneload =

o Click OK.
:x: Define Load Patterns *
Load Patterns Click To:
Self Weight Auto Lateral
Load Pattern Name Type Hultlpller Load Pattern e
|DEAD | Dead Modify Load Pattern

DEAD
LanelLoad1 Ln.re
HS20_1 Live
- Delete Load Pattern
Show Load Pattern Notes...
0 K

Cancel

e Assign the wheel loads in SAP2000.
0 Select the exterior transverse element of Gridlines 9 and 7.
o0 Click Assign > Frame Loads > Point.
o From the Load Pattern drop-down menu, select HS20 and verify
that the coordinate system is set to Global, the Load Direction is
Gravity, and the Load Type is Force.
0 In Column 1, enter a relative distance of 0 ( Axle 1, Loc. B-A) and
load of 16 Kips.
Click OK.
0 Repeat for Gridline 11 to assign the 4 kip load.
0 Repeat Steps 1-6 for Axle 2, 3, and 4, Loc. C-B, D-C, and E-D.

@]
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e Assign the Lane Load in SAP2000.

0 Select all exterior longitudinal frame elements along Gridline B.

0 Click Assign > Frame Loads > Distributed

o0 From the Load Pattern drop-down menu, select Lane Load and
verify that the coordinate system is set to Global, the Load
Direction is Gravity, and the Load Type is Force.

0 Inthe Uniform Load box, enter 0.021667 (Lane Load B).

o Click OK.

0 Repeat Steps 1-5 for all of the longitudinal elements along
gridlines C, D, and E.

12. Define load cases.

A. The load case being used to determine redundancy is 1.25DL + 1.75(LL + IM).
Where DL = Dead Load, LL = Live Load, and IM = Impact Load. When
substituting in the truck load and the lane load, the preceding equation reduces to
1.25DL + 1.75LanelLoad + 2.33HS20.

B. Generate Load Cases in SAP2000.

e Click Define > Load Cases > Add New Load Case.
e In the Load Case Name Panel, name the load case “LC1_1.”
e In the Analysis Type, select “Nonlinear.”
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e For the LC1_1 Load Case in the Stiffness to Use panel, select “Zero Initial
Conditions.”

¢ In the Loads Applied panel, leave the Load Type “Load Pattern” in the
drop-down Load Name menu, select DEAD and change the Scale Factor
to 1.25. Click Add. Change the Load Name menu, select HS20, and
change the Scale Factor to 2.33. Click ADD. Change the Load Name
menu, select Lane Load, and change the Scale Factor to 1.75. Click ADD.

¢ In the Other Parameters panel, in the Results Saved section, click
Modify/Show.

e In the Results Saved for Nonlinear Static Load Cases window, change the
Results Saved to Multiple States, and in the For Each Stage panel, change
the Minimum Number of Saved Steps and the Maximum Number of
Saved Steps to 20. Click OK.

e Click the OK on the Load Case Data window.

¢ Repeat the previous 8 steps listed out in B to create an LC2_1, LC3_1, and
LC4_1. However, in the Initial Conditions window, select Continue from
State at End of Nonlinear Case, and from the drop-down menu select the
preceding load case. (For LC2_1, the Nonlinear Case LC1_1 would be
selected).

¢ Repeat the immediately previous step to create LC(1-4)_2 for Span 2 and
LC(1-4) 3 for Span 3.

:K: Load Case Data - Monlinear Static >
Lead Caze Name Notes Load Case Type
|LC1_1 Set Def Name Modify/Show... Static w | Design...
Initial Conditions Analysis Type
@ Zero Intial Conditions - Start from Unstressed State O Linear
O Continue from State at End of Nonlinear Caze @ Nenlinear
mportant Note Leads from this previous case are included in the current case

Modal Load Case

All Modal Loads Applied Use Modes from Case WMODAL

Leads Applied

Load Type Load Mame Scale Factor
Load Pattern ~ | DEAD 25
Load Pattern DEAD 1.25 Add
Lead Pattern HS520_1 233
Load Pattern LaneLoad1 1.78
Modify
Delete
Other Parameters
Load Application Full Lead Modify/Show...
Results Saved Multiple States Modify/Show...
Nonlinear Parameters Default Modify/Show...

O Nenlinear Staged Construction

Geometric Nonlinearity Parameters

@ None
() P-Detta
O P-Delta plus Large Displacements.

Mass Source

Previous £

Cancel
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13. Define end supports.

A. The elastomeric bearing pads for each girder have a lateral stiffness of 12 kip/in.
and a vertical stiffness of 6100 kip/in. Since the tub girders are divided in half, the
lateral stiffness will be 6 Kip/in., and the vertical stiffness will be 3050 Kip/in.

B. Assign spring supports in SAP2000.

e Select the 16 nodes—S38 at the very end of the longitudinal members, 8 at
the location of the piers.

e Click Assign > Joint > Springs.

e In the Assign Joint Springs window in the Simple Springs Stiffness panel,
enter 6 for Translation 1 and 2 and 3050 for Translation 3.

e Click OK.

14. Define CL data acquisition points mid-span of girder.
A. Select the transverse frame elements between B and C and between D and E at
0.4L (Gridline 9).
B. Click Edit > Edit Lines > Divide Frames.

C. Inthe Divide into Specified Number of Frames window, enter 2 for Number of
Frames.
D. Click OK.
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15. Analyze the nonfracture structure for dead load only.

A.
B.

C.
D.

m

l.
J.
K.
L.

In SAP2000, click Analyze > Run Analysis.

In the Set Load Cases to Run window, click the Run/Do Not Run All button until
every action is Do Not Run.

Select DEAD then click Run/Do Not Run Case until the action is run.

Then click Run Now. Let SAP2000 Run the Load Cases until the screen says the
analysis is complete.

Once the analysis is complete, select Spring Reactions.

Click Display > Show Tables.

In the Choose Table for Display window, click the + symbol beside Joint Output
and select the square box beside Reactions.

In the Output Options window in the Nonlinear Static Results panel, select Last
Step.

Select and copy the information from the F3 column.

The sum of the F3 values is the dead load.

Click Done.

Unlock the structure.

16. Analyze the nonfractured structure.

A
B.

nmo

In SAP2000, click Analyze > Run Analysis.

In the Set Load Cases to Run window, click the Run/Do Not Run All button until
every Action is Do Not Run.

Select LC1 1,LC2 1,LC3 1, and LC4_1, then click Run/Do Not Run Case until
the action for all four is run.

Click Run Now.

Let SAP2000 Run the Load Cases until the screen says the analysis is complete.
Once the analysis is complete, select the data collection point on the transverse
member on the outside girder (C-B).

Click Display > Show Tables.

In the Choose Table for Display window, click the + symbol beside Joint Output
and select the square box beside Displacements.
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Edit

-0 System Data

-0 Property Definitions

-00 Load Pattern Definitions
-0 Other Definitions

-00 Load Case Definitions.

[ Connectivity Data

[ Joint Assignments

[ Frame Assignments

[ Options/Preferences Data
[ Miscelaneous Data

=B Joint Output

[ Displacements
O Reactions
-0 Joint Masses
-0 Element Output
-0 Structure Output

=[] MODEL DEFINTION (0 of 70 tables selected)

é B ANALYSIS RESULTS (1 of 10 tables selected)

Load Patterns (Model Def.)
Select Load Patterns.
3 of 3 Selected
Load Cases (Results)
Select Load Cases...
4 of 4 Selected

Modify/Show Options..

Opticns

Selection Only
[] show Unformatted

Named Sets

Save Named Set..

0K I Cancel

Table Formats File... Current Table Formats File: Program Default

I. Click the Modify/Show Options button.

J.In the Output Options window in the Nonlinear Static Results panel, select Step-

by-Step.

x CQutput Options

Base Reactions Location

Global ¥

=
5

=
3

Glokal Z

Nonlinear Static Resufts
O Envelopes

(® Step-by-Step
(:) Last Step
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K. Click OK.

L. Select and copy the information from the Output Case, StepNum Unitless, and the
U3 in. column and paste them into an Excel worksheet. These columns represent
Load Case, Step Number, and Deflection for the Outside Girder, respectively.

3¢ Joint Displacements - O X

File  View Edit Format-Filter-Sort  Select  Options

Unitz: As Noted Joint Displ £
Fitter: ( ) < )

uz2 u3

in in

Joint OutputCase CaseType StepType StepNum u1 R1 R2 R3 ~
Text Text Text Unitless in i i Radians Radians Radians
4 “ LC1 NonStatic Step 0 0 0 0 0 0 0
103 LC1 NonStatic Step 1 0.002545 7.7E-05 -0.087925 -2.681E-08 0.00016% 5.324E-08
103 LC1 NonStatic Step 2 0.00509 0.000154 -0.175851 -5.363E-05 0.000338 1.065E-07

M. Click Done.

N. Select the data collection point on the transverse member on the inside girder
(E-D) and repeat Steps G-L. However, for Step L, there is no need to copy Output
Case, Step Num Unitless again.

O. Select the joint on the transverse member on the outside girder at Transverse
Element 9 (at Longitudinal Element B) and repeat Steps G—L. This information
goes into the Delta 4 column. However, for Step L, there is no need to copy
Output Case, Step Num Unitless again.

P. Select the joint on the transverse member on the outside girder at Transverse
Element 9 (at Longitudinal Element C) and repeat Steps G—L. This information
goes into the Delta 3 column. However, for Step L, there is no need to copy
Output Case, Step Num Unitless again.

Q. Select the joint on the transverse member on the inside girder at Transverse
Element 9 (at Longitudinal Element D) and repeat Steps G-LI. This information
goes into the Delta 2 column. However, for Step L, there is no need to copy
Output Case, Step Num Unitless again.

R. Select the joint on the transverse member on the outside girder at Transverse
Element 9 (at Longitudinal Element E) and repeat Steps G—L. This information
goes into the Delta 1 column. However, for Step L, there is no need to copy
Output Case, Step Num Unitless again.

A B C +] E F a H 1 J K L M v X ¥ z AR AR AC Al
1 |Intact OG- CL G-CL Pointd | Point2 | Point2 | Pointl Applied 06 15

. | Load Case | Load Step [v] Delta {in) | Chord {rad) Delta {in) Chord (rad) |Delta (in)|Delta (in) |Delta {in) (Delta {in) (o 23 [rad) |0 32 (rad) Losd 01 (cal)

E [kipr}
3 la o o [ 0.00000) [ 0.00000) [} q [ [ 0| 0 o 0.0 . . X [ o

4 1K1 1 0.0 -0.1037| U005 0BT Q00013 -0.10541] -0.10129]  -0.0942| -0.07905| 7.59e-05( 4.3%E-05 G| 0.05] 3 0.004582] 0.002831
0.21 0.01712[ 0.18] 0.01460| 0.009043| 0.005662

s A o1 | 0207 0oooa0|  -0.07s8si  0.00025] -0.21081] -0.20259] 0.08839] —0.15809] 0.000158] 9.60e-05] 132] 0.10]

S. Once all of the data are collected, unlock the model by selecting the Lock tool on

the left hand side of SAP2000 screen.
17. Analyze the fractured structure.

A. At mid-span along Gridline 9, replace the hinges of the outside longitudinal
element (Gridline B) with FracOUT hinges according to Step 10.

B. At mid-span along Gridline 9, replace the hinges of the first interior longitudinal
element (Gridline C) with Fraclnt hinges according to Step 10.

Del!a[lnl[ r[::;']' Detta (in)| ©

141



LasHiz 2oum)
SEHZILZ.2INT) ADIH1TEans) )
‘__uuu...wq--—'—"gl‘“hﬁ'-‘”?""mu :
s
AGTHZ(Trans)
STHI(L2 2INT)

45H1{L2 20UT)

ol

C. Repeat Step 15 for the fractured case and collect the data accordingly.

18. Post-process the data.
A. In the Excel sheet, the following values need to be calculated for each step.

e Omega (Q):

0 ﬂi=!2i—1+( ! )

#of Stepsin Load case

¢ Longitudinal Chord Rotation of Interior and Exterior Girder:

5
0 Chord Rot.singie span = —1 * (ﬁ) (rad).

e Transverse Deck Rotation:
0 a, 5= (M) _ (M) (rad).

S w

0 g =(222) = (£22) (rad).

S w
0 Where s = spacing between the interior top flanges of the inside

and outside girders and w = spacing between the top flanges of the
same girder.
e Applied Load:
0 Calculate unit applied load or applied load at 1 Q.
0 Unit Applied Loadgingie span = 1.25 *
Total Reactions from Dead Load Case + 2 * (2.33 *
HS20 truck + 1.75 * Lane Load).
0 Applied Load = Unit Applied Load * ().
B. Repeat Step A for the fractured case.
C. Calculate the initial stiffness for the intact bridge and the instantaneous stiffness
for the fractured bridge.
e For the nonfractured condition (intact bridge) find the absolute
displacement for the outside girder at an Q value of 0.4:

s . 0.4
0 Initial Stif fness = , .
Absolute Displacement 0G (at 2=0.4)
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e For the Fractured case, add an additional column labeled stiffness:
0 Instantaneous Stiffnessoc_rraci = z‘:g"i
D. Failure of the structure occurs at the Q of the fractured bridge at the first of the
following criteria:
¢ The instantaneous stiffness for the fractured outside girder is less than
5 percent of the initial stiffness of the intact outside girder.
¢ The chord angle of the outside girder for a simple span or interior spans is
greater than 2 degrees. The chord angle for exterior spans of multi-span
bridges is greater than 3 degrees.
e The transverse deck rotation is greater than 5 degrees.

E. On a chart, plot the nonfractured outside and inside girder as well as the fractured
outside and inside girder with displacement on the primary x axis and the total
force on the primary y axis and Q on the secondary y axis.

19. Repeat Steps 11-18 for Span 2 and 3 (Span 1 is pictured below).

Chord Angle, 6 (deg.) Relative slope, © (deg.)
o} 1 2 3 4 5 6 0 1 2 3 4 5 6
6000 — B L o t } } } }
+ 2.5
5000 1 Long. -Outer Flange of OG
] ] Transverse Negative F
I r 2
- - Transverse Positive F
&a000 1/ — L o
= ' -7 [ 'ug
e ! 7 T15¢
N A L
¥ 3000 1/ - [ 5
] ’ [ 13
S LS
S I -1 ©
L 2000 : ! Outside Girder (0G) F
I : - — = Inside Girder (IG)
10 0G-Intact Bridge I 0.5
1000 ] ,' — — — IG-ntact Bridge [
o oo —4++—1---+~4rH- -4ttt -0
o] 10 20 30 40 50 60 70 80

Maximum Deflection, & (in.)

7.3 ~OVERALL RESULTS FOR BRIDGE 10

Table 7.1 and Figure 7.2 presents the overall results for Bridge 10. Similar to the previous
sections, a comparison between the three methods is drawn using the results of the yield line
band, which is flanked by the upper-bound and the lower-bound solutions, and the overstrength
(load) versus deflection plots of the results from grillage and FEM analyses. It is evident, as
shown in Figure 7.2, that all three methods indicate that Bridge 10 could be reclassified as

nonfracture critical.
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Table 7.1. Results Summary of Bridge 10.

Span 2 Span 3
Method of Overstrength Span1
Analysis Factors (140 ft) (139.60 ft) (139.60 ft)
Upper Bound 1.90 1.67
Yield Line Qyicrd tine 1.98

Theories QLower Bound 1.88 1.84 1.59
Grillage Analysis Qerivage 1.71 1.25 1.25
FEM Qrem 1.70 145 1.45
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Total Load, P, (kips)

Total Load, P, (kips)

s)

2

(k

Total Load, P,

Chord Angle, 6 (deg.)
0 1 2 3 4 5 6

3500 é_ /
3000 F =
2500 ¥
2000 3 —— FEM-0G
1500 E_ — Grillage-0OG
1000 A —YL-UB
500 3 YL-LB
0 3
0 10 20 30 40 50 60 70 80
Maximum Deflection, & (in.)
(a) Span 1, Ly =148 ft
Chord Angle, 6 (deg.)
0 1 2 3 4 5
L T s S
5000 —
4000 3
3000 J
2000 3
1000 3
i
0 20 40 60 80 100 120 140
Maximum Deflection, é (in.)
(b) Span 2, Lx = 265 ft
Chord Angle, 0 (deg.)
o 1 2 3 4 5 6
3500 ¥ o
3000 ¥
2500 T
2000 +
1500 %
1000 %
500 3
o ¥+——+——+r——+——+—ri

(@]

20 40 60 80 100
Maximum Deflection, 6 (in.)

(c) Span 3, Ly =190 ft
(i) Load displacement

0123456

T ﬁ ;
- 20 o
b~
e
1.5
10 8
o
0.5
0.0
Relative Slope, ©
(deg.)
0123456
T 20
[
15§
S
1.0 s
058
0.0
Relative Slope, 9
(deg.)
012345¢6
2.0
\ E c
- 1.5 '§,
S
1Y
1.0 ?,
>
(e}
0.5

Relative Slope, 6
(deg.)

(i) Deck rotations

Figure 7.2. Comparison of the Results for Bridge 10.
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8. CLOSURE AND CAVEATS

In comparison to the more accurate FEM analysis, the yield line and grillage push-down methods

are reputable simplified analysis models for predicting the overstrength capacity of TTGBs with

one fractured girder.

When compared to the FEM and yield line methods, the grillage analysis tends to provide

a lower-bound solution for overstrength factor and thereby underestimates the reserve capacity.

The yield line method is unable to determine displacement limitations. Therefore, either the

grillage or FEM approaches are needed to identify the overall deflection limits based on slab

hinge (yield line) rotational restrictions.

The key features of the three methods are discussed as follows:

e Yield line method:

(0}

(0}

The least intensive modeling method (by hand) with limited parameters. The yield
line method includes the plates of the steel tubs, reinforcing bars, and the deck
concrete.

Upper-bound and lower-bound yield line solutions are indicative of strength
limits.

The yield line approaches do not provide information on practical displacement

limitations.

e Grillage method:

(0]

e FEM:

The grillage method is a computational solution that is somewhat similar to the
lower-bound strip methods of plastic analysis of slabs.

As an incremental analysis, the grillage approach is able to overcome the
shortcoming of identifying displacement limits that are absent in the yield line
approach.

The initial stiffness of the grillage is not captured well and thereby tends to be a

lower-bound solution.

The nonlinear FEM is the most computationally intensive and accurate modeling

approach.
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0 Because the method is a full 3D approach, other mechanisms that can only be
explained by large-deflection theory may be identified.

0 At large deflections, it is often observed that the FEM strength may exceed the
upper-bound yield line solution. In the FEM, this is attributed to the development
of tensile membrane action. Strength from such membrane action cannot be
captured by the grillage and yield line methods because they are both
predominately based on flexural collapse.

o It should be noted that while membrane action may theoretically be mobilized, the
deflection generally exceeds the practical rotation limits that can be achieved in
the slab that exists between the twin tubs. Therefore, the reserve strength capacity

must be restricted to be not more than the yield line solution.
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APPENDIX A. STRUCTURAL DRAWINGS—BRIDGE 2
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