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EXECUtive summary

This project was a collaborative effort of the University of Missouri — Columbia (UMC) and University
of Missouri — Rolla (UMR) researchers in close connection with MoDOT RDT, Bridge, and Bridge
Maintenance Divisons, and MoDOT Didtrict 9. Outlined herein are the objectives and conclusions of the
research performed to determine the causes of cracking in continuous prestressed concrete |-girder bridges.

Three research tasks were undertaken by UMC. They were (1) to study early-age cracking due to heat
of hydration, steam curing, and restraint provided by the form, (2) to study diaphragm detailing with respect to
continuity provided and resultant implications, and (3) to study the potentid for diagona tension cracking due
to shear Stresses.

Ealy-age cracking at girder-ends was studied in Task 1 using a combination of anayticd and numerica
models. An andyticd modd developed earlier for calculation of girder-end tensile stress during prestress
transfer was modified in light of experimenta observations from a companion project deding with monitoring
of early-age drains. A finite dement modd of the girder cross-section for three types of MoDOT girders
(Types I, 111 and VI) was developed to anadyze digtribution of residua stress due to early-age differentid
thermd loading caused by steam curing and hydration. 1t was concluded that the combined effect of resdua
stresses due to differentid therma loading at early-age and tensile stress at girder-ends due to prestress transfer
is adequate to cause the horizontal web cracks and diagond cracks in the reverse shear direction observed in the
vicinity of the bottom and top flanges, respectively.

The effects of continuity provided at the diaphragms on cracking of the girder-ends and diaphragms were studied as a part of
Task I1. Vertical cracksin the girders near the end, spalling of diaphragms and girders pulling out of diaphragms were attributed to
service temperature loading and continuity detailing used. Design detailing at the bents used by afew other states were reviewed in
light of the problems encountered in Missouri with aview to offer several alternate designs for consideration.

Diagonal tension stresses were computed in Task 111 using uncracked elastic analysis. It was observed that when combined with
residual tensile stresses due to early-age differential thermal loading and restraints provided by forms, the diagonal tensile stress might
be adequate to cause girder-end cracking. However using ultimate analysisit was shown that the shear reinforcement provided in the
MoDOT design is more than adequate to ensure that these cracks do not precipitate a catastrophic shear failure.

Four research tasks were undertaken by UMR. They were (1) to develop, statistically analyze, and draw conclusions
regarding the causes of cracking from a database of bridge information, (2) to monitor temperature and temperature-induced
movements at two existing bridges, (3) to determine the magnitude and distribution of thermal stress that could be expected in
Missouri bridges, and (4) to propose adesign modification to prevent this type of cracking in future construction.

For Task |, adatabase of bridge information was compiled and analyzed to determine potential causes of cracking. The

database contained 150 cracked and uncracked bridges and extensive information regarding the location, geometry, and construction
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of the bridges. A model was developed that has the ability to predict the cracked status of a bridge with 77% accuracy, based on
certain bridge parameters.

In Task I1, two existing bridges, one cracked and one uncracked, were monitored to determine accurate temperature profiles
and the magnitude of thermal deflections experienced by these typical bridges. The AASHTO recommended thermal gradients were
compared to the measured thermal gradients and were found to be in good agreement.

For Task 11, afinite element analysis (FEA), using acommercially available FEA software package, and a numerical
analysis using elastic theory, were performed on typical bridge cross sections. The numerical analysiswas used to perform a
parametric study to determine the magnitude and distribution of stresses that can be induced by the AASHTO positive and negative
thermal gradients. The thermal stresses ranged from 500 psi (3.44 MPa) in tension to 1000 psi (6.89 MPa) in compression, which are
on the order of 0.3 to 1.3 timesthe stress due to dead load, live load and prestressing.

Ultimately, the objective of this study wasto effectively eliminate thistype of cracking in the prestressed concrete I-girders.
Therefore, in conjunction with Task IV, UMR has recommended to MoDOT that thermal stress cal culations be incorporated into the
current design procedure for prestressed concrete I-girder bridges. A design example was conducted to illustrate the incorporation of

the thermal stresses into the design process and a number of design detail modifications were suggested.
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Introduction

Project overview
This project was ajoint investigation effort of the Universities of Missouri at Columbiaand Rolla,

Missouri (UMC and UMR, respectively) in collaboration with the Research, Development and Technology,
Bridge, and Maintenance Divisions of the Missouri Department of Transportation (MoDOT). The
objectives of this effort wereto identify causes for the types of cracking that have been observed at girder-
ends of prestressed |-girder bridges; study if these cracks warrant structural repairs; suggest suitable repair
techniques; and recommend potential design revisionsto prevent cracking in future girders. Seven specific
research tasks were identified to meet these goals. These research tasks were divided between the two
participating universities based upon the availabl e research expertise and interests. Sections 3 through 8
detail six tasks of the research, while the design modification recommendation made by UMR (Task V1) is
addressed in Section 10. Bylines are included in each independently authored section as appropriate;

sections without bylines are authored jointly.

background information
The State of Missouri’ s highway bridge system is eighth in the Nation in terms of total number of

bridges (FHWA, 1998). Of these approximately 25,000 bridges, 33 percent, or approximately 8100

bridges, areinterstate and state highway bridges, which are managed by MoDOT. Prestress concrete (PC)
I-girder bridges comprise 11 percent of those approximately 8100 bridges. Continuous multi-girder
construction is the most common type of bridge constructed in Missouri (Dunker and Rabbat, 1992).
Recently, the Missouri Department of Transportation (MoDOT) had become concerned with the number of
bridges constructed using simple span PC |-girders made continuous that were experiencing cracking.
MoDOT had detected visible cracks near the girder ends of 110 bridges that utilized simple span PC |-
girders made continuous.

In an attempt to determine whether this type of cracking was common in other states, MoDOT
sent asurvey to al fifty State DOT’ sasking if they had similar problems with prestressed |-girder
construction. Of the twenty State DOT’ s that responded to the survey, the majority stated they did not have
this problem. However, most added they do not design bridges with simple span PC |-girders made
continuous. Three states, Alabama, Alaska and California, indicated they have several bridges with girder
cracking similar to that experienced by MoDOT. Information regarding the investigations conducted by
Alabama and Alaskawas provided to the researchers and is discussed in Section 1.4.

The use of precast/prestressed concrete in bridges has increased considerably sinceitsfirst usein the
1950’ sdue to its superior durability performance and cost effectiveness. The use of PC I-girders with
continuous detailing was initiated by the use of precast/prestressed concrete. The intent of continuity
detailing is to provide negative moment capacity over the piers with the use of longitudinal reinforcement.
In general, continuous construction has several advantages over a simple-span construction. They include:

the elimination of maintenance costs associated with expansion joints and the subsequent
deterioration of substructure components due to |eakage/drainage through these joints,
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the decrease of the live load positive moment at midspan, due to negative moment induced at
the piers, and

the decrease in the number of prestressing strands required, due to the decreased positive

moment.
However, when the structural integrity of the bridge is diminished due to cracking at the girder endsor in
the diaphragm, these advantages may no longer be relevant to the structure.

The cracks observed in the girders were of three main types: vertical cracks (Figures 1.1 through

1.3), diagonal shear cracks (Figure 1.3), and reverse diagonal cracks (in a direction perpendicular to typical
shear cracks, Figure 1.4). The vertical cracks are accompanied in some cases with damage to the
diaphragm (Figures 1.1 and 1.2), suggesting that the girders are pulling out from the diaphragm (or in some
instances pushing into the diaphragm). Reverse diagonal cracking was also observed in girders after
casting, but before placement on the bridge, suggesting that they may be due to early-age behavior of the
girder. Other types of early-age cracking in the girder included horizontal cracksin the girder web near the
junction between the bottom flange and the web (Figure 1.4b). Thistype of cracking may not be readily
visible after construction of the bridge, as the girder-ends are embedded in the diaphragm.

Figure 0.1 Vertical Crack in the Girder-end at the Diaphragm



Sequence 9: Oracking in Prestressed |-Girder Bridges Sequence 12: PCI Girder Cracking Phase I1: Causes and Design Detail

Figure0.2 Crackingin the"Diaphragm Also Indicates Pull-out/Pushin Type of
L oading of the Girdersunder Service Conditions

',;1. ” T g '#J‘,"-‘_Q-‘.i',#;ﬁ‘ o f 2 [ ‘ K

o ML R L R e S
er demonstrates atypica crack dueto
diagond tension, and the I€ft girder shows atypical vertical crack

Figure 0.3 Shear Cracking Due To Diagonal Tension and Vertical Cracking
in aPrestressed Girder
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b: just fabricated girder stored at the
precasting yard
Figure 0.4 Web Cracking in the “ Rever se Shear Direction”

objective
As discussed earlier, the research effort was shared between UMC and UMR. Specific tasks were

"a girder embedded in adiaphragm

identified and were divided amongst the two universities.
Compl ete the existing database on cracked bridges and draw conclusions of causes (UMR),
Study shear design proceduresin light of diagonal cracks observed (UMC),
Study the early-age response due to differential thermal effects from heat of hydration and
restraint from forms (UMC),

Investigate the detailing of continuity at supports and resultant impact on performance
(UMCQ),

Experimentally monitor two typical bridges (cracked and uncracked) (UMR),
Conduct a parametric study to determine the magnitude of thermal stresses anticipated in
Missouri bridges (UMR), and

Develop a proposed modification to the current design (UMR).

Section 2 will discuss the technical approach taken to accomplish each task.

previous research
A survey of available literature was performed to determine the extent of research that had been

conducted on continuous concrete bridges. Additionally, the literature review would yield information on

whether the cracking experienced in Missouri wastypical of other states/regions. Much research exists on
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the design of continuous bridges, however, thereislittle research addressing the problems that were

experienced in Missouri. An outline of the available literature isincluded herein.

The first studies on the design of continuous bridges were conducted by the
Portland Cement Association (PCA) inthe 1960's. This research was summarized by
Freyermuth (1969) as a design recommendation. This publication presents adesign
method for the positive moments that can be created at intermediate bents. These
moments are attributed only to time dependant (creep and shrinkage) strains, and the
method is largely empiricd. It was found that positive moment reinforcement could most
eadly be provided usng mild sted reinforcing bars bent 90° vertically into the digphragm
and embedded in the girder ends. The method is, however, very involved and it is

suggested that typicd plans be created for each type of girder used.

Research performed by Salmons (1972) providesthe rationale for detailing of PC I-girder bridgesin
continuous construction. The report entitled “ End Connections for Continuous Pretensioned Bridge
Beams’ outlines the research performed to establish the positive moment reinforcement required at the
diaphragm using extensions of the girder prestressing strands. This eliminates the problem of fitting
additional mild steel barsinto the girder-ends. Salmons recognized that the effects of creep, shrinkage, and
thermal gradients would cause a positive moment at the location of the diaphragm. However, the
magnitude of the positive moment that might be generated due to these effectsis never examined or
compared to the moment capacity of the connection. The possibility of thermal stress was not examined in
this study. Furthermore, Salmons noted that failure of the connection would occur as the girder pulled out
from the diaphragm, due to diagonal cracking which propagated from the interior of the diaphragm
outward, asillustrated in Figures 1.5 and 1.6.

Salmons' specimens model ed a girder-diaphragm interface; some modeled only the girder-
diaphragm interface while others model ed the girder-diaphragm-deck interface. Both types of specimens
exhibited the type of cracking illustrated in Figures 1.5 and 1.6 at failure. Figure 1.5illustrates a cross-
sectional view of the I-girder and diaphragm interface, while Figure 1.6 illustrates this same section in plan
view. Thisisprecisely the type of cracking that has been exhibited at several of the PC I-girder bridgesin
this study. Additionally, thistype of cracking configuration could pose along-term durability concerniif it

were to result in the propagation of a crack parallel to the bent line on the surface of the deck.
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I-girder Top of the girder and

/ diaphragm

— Cracks propagating

Bottom of the girder and diagonally into the
digphragm diaphragm

Figure 0.5 Typical Failure of the Continuity Connection

Diagonal Cracking

/
T [

I-girders

Diaphragm

Figure 0.6 Plan View of the Same Typical Failure

More recent research on continuity was reported in National Cooperative Highway Research
Program (NCHRP) Report 322, entitled “Design of Precast Prestressed Bridge Girders Made Continuous’
(Oesterle, et. al, 1989). This study examines the potential for creep and shrinkage to occur and their effects
with regard to continuous construction. The study concluded that positive reinforcement at the piersis not
recommended, although it recognizes that a crack will form at the bottom of the diaphragm. Though the
study does recognize thermal effects as a potential “loading” of a continuous bridge structure, it failsto
quantify the thermal stresses; therefore, the positive moment resulting over the pier may be underestimated.
Additionally, the report states that the positive restraint moment (due to additional dead load, live load, and
creep and shrinkage effects) resulting from the presence of the reinforcement in the support will cause an
increase in the positive moment at midspan. This study also acknowledges that the girder age at which
continuity is created can influence the negative moment created. When continuity is established at |ate
girder ages, the negative restraint moments (due to additional dead load, live load, and creep and shrinkage
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effects) at the support are much larger than when continuity is established at an early age. Moreover, while
casting of the diaphragm prior to casting of the deck can decrease slightly the midspan positive moments, it
will also increase deck crack occurrence. It should be noted that a follow-up project, NCHRP Project 12-

53, isunderway at the University of Cincinnati that has the objective of recommending details and
specifications for the design of more durable and constructable connections to achieve continuity.

Information about the influence of the construction sequence of the diaphragm and deck on the
moment envelope of the structure isalso provided by Ma, et a (1998), and can be summarized as follows:

One possible construction sequence isto cast the diaphragm and the deck at the sametime. Thiswill
lead to the devel opment of negative moment over the pier when the superimposed dead |oad is applied.
The later the concrete is cast, the larger this negative moment will be.
The second case iswhen the diaphragm is cast and, after some time, the deck is cast. Thiswill causea
negative moment larger than that devel oped when the diaphragm and deck are cast simultaneously.
After the time effects of creep and shrinkage, and possibly thermal effects, this negative moment may be
negated causing the member to act as asimply supported member. Therefore, the negative moment could
be helpful in the sense that alarger negative moment would be harder to overcome. |If the negative moment
is overcome and positive moment results over the pier, acrack at the diaphragm/girder interfaceis
probable. (Wollman, 1999)

Abdella, et a (1994) conducted a study comparing experimentally measured values for the
positive moment created at the bents to those cal culated using both the PCA method and the method in
NCHRP 322. Thetests considered only superimposed loading and time-dependant deformations. The
PCA method was found to only give good results in cases where the diaphragm and slab were cast while
the girders arerelatively young. The method proposed by NCHRP 322 showed good results at all ages. In
this study, like Salmons (1972), flexural cracking in the diaphragm was found to relieve much of the
positive moment. The authors suggest, thus, that the level of positive moment designed for could be
reduced.

One of the most pertinent research studies discovered was from the Alabama Department of
Transportation (1994). Alabama had experienced similar cracking of their PC continuous bridges and
wanted to determine the causes. It was established that there were several possible causes of the cracking.
These causes include temperature differential s through the depth of the bridge, settlement of supports,
creep, and shrinkage, which could all cause a positive moment to develop over theinterior piers of the
bridge. It was concluded that the potential tensile stress developed for athermal differential of 30°F
(16.67°C) could be on the order of 896 psi (6.17 MPa), which is enough to crack a conventional strength
concrete that has atensile strength around 600 psi (4.13 MPa). No information was presented to describe
the temperature variation through the bridge depth and it is not clear whether the stress of 896 psi (6.17
MPa) is due to thermal stresses alone or acombination of all applied loads. Additionally, it was suggested
that cracking at the girder ends could cause the prestress transfer length to increase. Thisincreasein

transfer length could move the critical positive moment section from within the diaphragm to the location
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of positive steel termination. The positive moments devel oped over the piersin combination with the
discontinuity of positive steel could cause tensile cracking in thisregion. Thisisa possible explanation for
the cracking that has occurred at a distance of 2 to 4 ft. (0.61 to 1.22 m) from the face of the diaphragm.

The Alabama DOT also concluded that an upward deflection, or cambering, of the girders due to thermal
effects was occurring and that this deflection could be greater than the downward deflection due to traffic
loads.

Another internal Department of Transportation report, from the Alaska Department of
Transportation and Public Facilities (AKDOT& PF), outlines the suspected causes of girder end cracking
that were observed. The conclusions of the AKDOT& PF are: (1) the cracking was not caused by aflexural
failure, adiagonal tension failure, or acompression failure, (2) the observed cracks wereinitiated during
fabrication, possibly dueto elastic shortening induced by prestress transfer, and (3) thermal induced
stresses originating from longitudinal restraint at the abutments have played arolein crack propagation.

Potgieter and Gamble (1989) also suggested that thermal gradient could be responsible for this
sort of cracking. The authors collected temperature data from locations around the U.S. and developed a
computer model to determine the thermal gradientsthat abridge in that region would experience. One
location modeled was Columbia, MO. The calculated temperature differential, between the maximum deck
temperature and the minimum temperature of the bridge at the same time, was 45°F (25°C). Potgieter and
Gamble compared the measured gradients, used to check their program, to the thermal gradient proposed
by the New Zealand Code with good agreement. The New Zealand Code thermal gradient is outlined by
Cooke, et al. (1984) as afifth order function of the depth of the member with a maximum gradient
differential of 57.6°F (32°C), for a bridge with no blacktop.

Other thermal gradients are defined by AASHTO (1989) and Shushkewich (1998). First, the
AASHTO Guide Specifications for Thermal Effects in Concrete Bridge Superstructures outlines a number
of thermal gradients for 4 geographical zones throughout the U.S. and for bridges with and without
blacktop. Thesethermal gradients are recommended by AASHTO for use in considering thermal stresses
and their effects on reinforced concrete (RC) or PC bridges. Figure 1.7 illustrates the general outline of the
negative and positive thermal gradients recommended by AASHTO.

The geographical region in which the bridgeis located and the surfacing type of the bridge
determine the temperatures “T1”, “Top", “ T3p”, €tc. Additionally, the depth of the superstructure, “d”, isa
function of the bridge of interest. Shushkewich reportsthe AASHTO gradient (1989) for segmental
bridges and the modification to this gradient that have been proposed in other AASHTO specificationsin
1994 and 1998.

It should be noted that the AASHTO (1989) thermal gradient isthe “benchmark” gradient for this
study to which the measured gradient will be compared. These gradients were used due to the fact that this
gradient is apublished and recommended thermal gradient for design of bridgesin the U.S. Additionally,
aswill be discussed Section 7, these gradients have been validated for the climatic conditionsin the State of

Missouri.
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Figure 0.7 AASHTO Recommended Thermal Gradients (1989)

A study performed by Emanuel, et al (1972) was conducted withthe intent of using the results for
composite steel-concrete bridges, however the conclusions regarding continuity are valid for concrete
bridges aswell. They concluded that the major factor affecting longitudinal and vertical movements of
bridges were thermal effects, shrinkage, creep, wind, braking forces, and movements of the abutment fill.
Emanuel, et al (1972), proposed an instrumentation setup for potential monitoring of afull scale bridge to
determine the necessary information about bridge movements, asrelated to the aforementioned factors. A
further study was performed by Emanuel and Wisch (1977), in which alaboratory study of thermal stresses
was conducted. While, again, the magnitudes of the stresses measured are not applicable to concrete
bridges, they did establish that thermal stresses could occur to an appreciable degree. They recommended a
future study of the effects of the diaphragm on the development of thermal stresses. A considerable
amount of background material on the prediction of the temperature gradients and thermal stressesis
presented in the Ph.D. dissertation of Hulsey (1976).

Stresses devel oped due to stressing operations were firgt investigated in the early
1960’ s by Marshall and Mattock (1962). It was determined that an adequate amount of
gtirrup reinforcement should be provided to prevent the spread of horizonta cracks that
develop when the prestress force is transferred. A design method is presented for
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determining the required amount of gtirrup reinforcement. These studies were empiricdl,
but did provide someingght for future sudies. The authors suggested that girder-end
cracking might be initiated by restrained shrinkage and therma contraction provided by
the form during curing, but no andlyss of this was performed.

An analytical model to predict the vertical tensile stressesin the girder end region of PC |I-Beams was
proposed by Gergely and Sozen (1967). The model, shown in Figure 1.8, assumes that when a sectionis
taken at the bottom of girder-end, the resultant portion of the internal stress distribution is not sufficient to
resist the large prestressing force, and areaction moment is created internally. This moment thus creates
tensile stresses at the girder end. Gamble (1997) and Kannel, et a (1997) noted cracking in girders used in
I1linois and Minnesota bridges, respectively, that is similar to cracks found in Missouri bridges. Gamble
observed that the model proposed by Gergely and Sozen could be used to accurately predict the location of

these cracks. However, no mention was made of prediction of the stress levelsin the girder-end.

Figure 0.8 Ger gely-Sozen M odel

Thermal strains created in girders due to in-service temperature variations were studied by Saetta, et al
(1995), and the development of heat during curing in HPC girders was studied by Khan, et a (1998) and
Steeg, et a (1996). However, to the best of the authors’ knowledge, no literature exists on a method for
calculating residual stresses created dueto restraint provided by the formwork.

10
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Technical approach

Following isabrief summary of the technical approach taken to investigate each research task. The
analysis and results of each task are presented in Sections 3 through 8. The authoring school of each
section is also indicated.

Task | (UMR): A database containing information on 150 PC I-girder bridgesin the state of
Missouri was devel oped and statistically analyzed to determine potential causes of the observed cracking.

Task Il (UMC): Diagonal tension was investigated using an elastic stress analysisto determine the
potential for cracking. An ultimate analysis was performed using current design codes to determine the
structural integrity of the girdersin light of the cracking observed.

Task I11 (UMC): Theinvestigation of early-age cracking was expanded to include an analysis of
vertical stresses dueto the transfer of the prestressing force. Thiswas done due to the observation of
cracksin girders before their placement on the bridge and after prestress transfer (Figure 1.4b). Stresses
dueto thermal loads and restraint provided by the form were investigated using afinite element model of
the girder and theform. ANSY SVersion 5.4 (1999) was used for this. End stressesdue to prestress
transfer were analyzed using amodel developed by Gergely and Sozen (1967). Some modifications were
made to the original model based upon observations of crack patterns and data provided by another
research study (Eatherton, 1999, Gopalaratham and Eatherton, 2001).

Task IV (UMC): A literature review and limited survey of diaphragm detailing from other states
was studied to investigate potential alternate design detailing. Service temperature and strain datafrom
another ongoing project (Eatherton, 1999, Gopalaratnam and Eatherton, 2001) was analyzed to demonstrate
that service temperatures could play an important role in stresses created at the diaphragm.

Task V (UMR): Monitoring of one cracked bridge and one uncracked bridge was conducted.
Measurements of deflection and temperature were taken at the bridges to ascertain arepresentative thermal
gradient and if thermal-induced deflection was appreciable.

Task VI (UMR): A parametric study was conducted to determine the magnitude of thermal stresses
induced due to the AASHTO (1989) positive and negative thermal gradients. A design example was also
conducted to illustrate incorporation of thermal stressesinto the MoDOT design procedure.

Task VIl (UMR): A modification to the current MoDOT bridge design procedure was proposed in
an attempt to prevent cracking in prestressed concrete |-girder bridges which are made continuous.

Additionally, the overall project objectives, which were to identify causes for the observed
cracking, study if these cracks warrant structural repairs, suggest suitable repair techniques, and
recommend potential design revisionsto prevent cracking in future girders, are addressed in the

conclusions and recommendations outlined in Sections 9 and 10, respectively.
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Completion of the database
J. Myers, A. Nanni, and D. Stone

Preliminary database
In the summer of 1998, MoDOT gathered information on 110 PC |-girder bridges that had exhibited

cracking at or near the girder ends. The information contained in the database included variables related to
geographical location, fabricator, age, bridge geometry, girder geometry, materials used, reinforcement
details, curing conditions, transportation and handling details, and traffic level. Thisdatabase isreferred to
asthe preliminary database. Thisfirst phase of the research was conducted to establish whether further
research would be necessary to determine the causes of the aforementioned cracking.

Table0.1lincludes alist of the variablesincluded in the preliminary database provided by MoDOT and
those added during analysis. Several of the variables that were included in the database exhibited only
three or fewer values/conditions (e.g., al the prestressing tendons were 7-wire steel strands). These
variables are denoted in Table 3.1 and Appendix A with an asterisk and wereignored in the analysis
because of their relative consistency. Additionally, a description of these variablesisincluded in Appendix
A. Therewere many qualitative, or non-numeric, variablesincluded in the database. These variables were
assigned numerical “identifiers,” which facilitated statistical analysis and are defined in the variable
descriptions. An extensive database of numerous variables was considered in an attempt to include every

possible factor and increase the confidence in the modeling.
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Table 0.1 VariablesIncluded in the Preliminary Database

Fabricator Information Pre-Cast Company
Plant Location

Bridge Geometry Deck Type*
Support Pad*
Number of Spans

Bridge Length
Skew
Girder Length
Girder Spacing
Number of Girders per Span

Girder Geometry Girder Height
Bottom Flange Width
Top Flange Width
Bottom Flange Height

Top Flange Height
Web Height
Web Width
Girder Type

Girder Area

Prestressing Details Number of Tendons

Number of Straight Tendons

Number of Draped Tendons

Tendon Diameter*

Tendon Type*

Tendon Strength*

Initial Stress as a Percent of Ultimate*

Tendon Release Sequence*
Shear Reinforcement Mild Steel Size*

Mild Steel Strength*
Shear Reinforcement End Space

Shear Reinforcement First Section
Additional Bars Within the End Area
Shear Reinforcement Second Section

Shear Reinforcement Third Section

Shear Spacing Section 1
Shear Spacing Section 2
Shear Spacing Section 3
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Table0.1 VariablesIncluded in the Preliminary Database (continued)

Girder Cracking Number of Girder Ends Cracked
Percentage of Girder Ends Cracked

Transportation and Construction Casting Date
Transportation Date

Transportation M ethod*
Distance Traveled
Field Construction Date
Erection Method

Concrete Mixture Cement Source
Coarse Aggregate Source

Fine Aggregate Source
Water Source*
Class of Concrete*
Cement*
Coarse Aggregate*
Fine Aggregate*
Water*
Admixtures*

Curing Details Age at Release
Strength at Release

Curing Strength
Curing Type*
Curing Time

Curing Temperature
Miscellaneous Width of Diaphragm
Column Height
District
Average Daily Traffic

A preliminary inspection of the data was performed using histograms of each variable to assess their

distributions. While many of the variables exhibited no significant trends within the investigation, there are

afew important trends to note.
Theresults of the histograms (see Appendix B) indicate that most of the bridges have atotal

length of 350 feet (106.7 m) or less, were designed for an average daily traffic (ADT) of 10,000 or less, and
have three or four spans. The histograms also indicate that typically five percent of girder ends are cracked
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inabridge. Inreference to the histograms, it should be noted that not all of the information being collected
was available for each bridge in the preliminary database. Therefore, some of the histograms will contain
fewer than 110 data points.

The manufacturer of the girders was a variable that was examined. While the pre-cast company CSR
Quinn manufactured the girdersin 67 percent of the bridges, it should be noted that they are also the largest
precast concrete company in Missouri. The number of CSR Quinn manufactured girdersin the database is
approximately proportional to the percentage of the market for which CSR Quinn isresponsible (Mayo,
1998).

Y ear of construction and season of construction seem not to affect the cracking of the girdersin the
way expected. Common sense would dictate that an older bridge would have more cracking than a new
bridge, due potentially to the increased use, traffic flow, and/or deterioration. Additionally, abridge
constructed in the summer might experience alarger differential thermal gradient at an earlier age, which
could cause cracking. However, the datain the histograms of the database information illustrate that there
isagradual increase in the number of cracked girder bridges until 1992 then a sharp decrease until the final
year of data, 1995. Additionally, the bridges were equally distributed amongst the four seasons. Itis
important to note that little information is available as to the time or stage of construction during which the
cracksfirst appeared in the bridges.

One other variable included in the database is district. Additional information regarding the number of
cracked bridgesin each district was obtained during the study to determine the percentage of cracked
bridges with respect to the total number of PC I-girder bridgesin each district. Of theten districts, Districts
5, 8, and 9, were found to have the highest percentage of cracked bridges, exhibiting 23 percent, 31 percent,
and 35 percent of PC I-girder bridges that are cracked, respectively. A geologic map of Missouri indicates
that these districts are in the region of the State that has the thinnest surface soils (Missouri Geologic
Survey, 1979). Typically, in an areaof thin surface soils a spread footing type foundation will be used, as
opposed to a pilefooting. The issue of foundation type and foundation stiffness was not investigated

within the scope of this project, but may be an issue that warrants further investigation.

After the preiminary andyss was performed, the data was andyzed using a
commercidly available gatistical andyss package. The andysis of variance procedure
was used to perform an F-test on the variables. See Appendix C for adetailed outline of
the F-test procedure. This analysis was based on alinear regression fit of the data.
Linear regresson uses the least squares method to optimize the model solution. An
outline of the datitica andyses performed on the preliminary database can be found in
Vining (1998). The results of many of the F-tests areillustrated in Table 3.2. The
variablesincluded are those variables that are numerica variables rather than categorical

variables. These variables can be consdered to be continuous random variables, that is,
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they can theoreticadly take any vaue within a specified interva. Unlike the discrete
random variables (categoricd variables) that can only take on predefined vaues, the
continuous response variables can be analyzed using this procedure.

Table 0.2 Summary of Ftest Results

Variable t-value*

ADT 0.2687

Bridge Length 0.309
Number of Spans 0.9253
Diaphragm Width 0.5029
Skew 0.5066

Girder Length 0912

Girder Spacing 0.3515
Girder Height 0.5289

Girder Area 0.6723
Number of Tendons 04243
Number of Straight Tendons 0.4472
Number of Draped Tendons 0.6406
Shear Reinforcement Sec. 1 0.5105
Shear Reinforcement Sec. 2 0.7674
Shear Reinforcement Sec. 3 0.1136

* A t-value less than the selected significance level indicates statistical significance.

Itisgenerally accepted that if the t-value isless than 0.05, or 5 percent, then the variable is considered
statistically significant. Thisisthe significance level that wasinitially used in the statistical analysis of the
preliminary database. At thissignificancelevel, the results of the F-test analyses show that there are no
individual variablesthat exhibit a statistical significance with respect to the number of girder ends cracked.
Even when the significance level israised to 0.10, or 10 percent, there continues to be no statistical
significance exhibited by the variablesindividually.

Dueto inconclusive results, it was determined that it would be necessary to obtain information about
bridges that were uncracked aswell. In order to ascertain avariable, or set of variables, which could be
contributing to the cracking of the bridges, it would be necessary to compare them to bridges that had not
cracked.
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Based on the decision to include uncracked bridges in anew database, a sample size of 150 bridges
was selected. The sample would include 75 cracked brides and 75 uncracked bridges, giving alarge
enough population of each fromwhich to draw conclusions. The 75 cracked bridges were randomly
selected from the 110 bridgesin the preliminary database and the 75 uncracked bridge were randomly
selected from the remaining PC I-girder bridges, which were assumed to be uncracked.

Using the knowledge gained from the analysis of the preliminary database, the variablesincluded in
the database and the analysis procedure were modified. Also, the analyses were not performed on the
variablesindividually, asin the previously outlined analysis, because this could be a potential reason that

no statistical significance was exhibited.

Development of the revised database
The revised database did not include all the variables that wereincluded in the preliminary database.

Based on the results of the preliminary analysis and on engineering judgment, several variables were
eliminated from the database. Additionally, based on discussions with MoDOT personnel, a number of
variables, which were determined to be potentially important, were added to the database. Ultimately, the
revised database included the variables outlined in Table 0.3. See Appendix D for a detailed description of
each variable; also included in Appendix D isthe revised database.

Table 0.3 Variables Included in the Revised Database

Bridge Geometry Number of Spans

Bridge Length
Skew
Girder Spacing

Girder Geometry Girder Type
Girder Area

Shear Reinforcement Shear Reinforcement End Space

Shear Reinforcement First Section
Additional Bars Within the End Area
Shear Reinforcement Second Section

Shear Reinforcement Third Section

Shear Spacing Section 1

Shear Spacing Section 2

Shear Spacing Section 3
Girder Cracking Cracked Condition
Percentage of Girder Ends Cracked

Miscellaneous Route Type

County
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District
Average Daily Traffic (ADT)

In the statistical analyses, each of these variables was considered, as were combinations of several
variables. For example, based on the assumption that the bridge spans are all of equal length, the length of
each span was calculated by dividing the bridge length by the number of spans; this variable was a so
included in the analyses and is one example of two variables used in combination.

Additional variablesthat were included in the analysisinclude “thermal zone,” and “ aggregate zone.”
Thevariablefor “thermal zone” took into account the assumption that there may be alarger temperature
differential in the southern part of the state. “ Thermal zone” was a dummy variable that took a value of “0”
for Districts 1 through 6 and avalue of “1” for Districts 7 through 10. The variable for “aggregate zone”
considered that aggregate composed of chert is used in the cast-in-place decksin Districts 7, 8, and 9. This
consideration was important because chert aggregate has been documented to have a coefficient of thermal
expansion (CTE) that istwice that of dolomitic limestone, which is composed largely of magnesium
carbonate. Thisdifferencein CTE is suspected to influence the cracking that is under investigation.
“Aggregate zone” was another dummy variable that took avalue of “1” for Districts 1 through 6 and 10 and
avalueof “0" for Districts 7 through 9.

Several assumptions about the database were made during the analyses. One of these assumptions was
that of the 876 total PC I-girder bridgesin the state of Missouri, only the 110 bridges from the preliminary
database were considered to be cracked. Although it was suspected that there were bridges with undetected
cracks, this matter was not considered in the statistical analysis. While the statistical analysis could not
take this assumption into consideration, efforts were made to verify this suspicion.

MoDOT performed snooper truck inspections of a number of bridges throughout the course of the
project. The snooper truck inspection isaclose-up visual inspection of the bridges. Of the 10 bridges that
were inspected with the snooper truck, 100 percent exhibited more cracking than originally reported in the
database. It is possiblethat additional cracking occurred in the bridge between the first inspection, which
would be the dataincluded in the preliminary database, and the second snooper truck inspection. However,
itis also possible that the closer inspection with the snooper truck detected cracks that were undetected
during the inspection from ground level. Whichever isthe cause of the increased number of cracks, this
investigation indicates that there are indeed mo re bridges cracked than the 110 of the preliminary database.

Again, apreliminary investigation of the database was performed prior to any statistical analysis.
Thisinvestigation, which included the production of box plots and bar charts of certain variables that were
of interest, isoutlined in Appendix E. In general, the cracked bridges have shorter span lengths than the
uncracked bridges. More Type Il girders crack than remain uncracked. Type VI girderstend to remain
uncracked. Typell and TypelV girders seem to be somewhere in between, with approximately equal

proportions of cracked and uncracked bridges. Interstate bridges crack less than the other route types and
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U.S. highway bridges tend to crack more often. Three span bridges are the most common of the bridgesin

Missouri utilizing simple span PC I-girder made continuous.

Statistical Analysis of the Revised Database
Whereas the goal of the preliminary database analysis was to determine if the variables, individually,

could predict the percentage of girder ends cracked, a different approach was taken for the revised
database. Two types of statistical analyses were performed on the revised database, with each analysis
focusing on an area of interest with respect to bridge maintenance issues. Thefirst, which would attempt to
predict the percentage of girder ends cracked, is multiple linear regression analysis. The second, which
would model the cracked status of abridge, islogistic regression analysis.

A multiple linear regression is based on the |east squares method, while alogistic regression is based
on the method of maximum likelihood. The solution of a multi-variable linear regression using the least
squares method follows the same principles outlined for the simple linear regression. Both multi-variable
linear regression and the method of maximum likelihood are considerably more complicated as a number of
explanatory variables must be considered. Thiswas one reason that a statistical software package was used
for theanalysis.

The models considered during the statistical analysis followed the hierarchical principle. Thissimply
meansthat if avariableis considered in the model as a product with another variable then both of those
variables must be considered separately in the model aswell. For example, if the product of bridge length
and skew, “x %", isincluded in the model then the variables themselves must also be considered

individually (i.e., “x” and “x").

Multiple Linear Regression Analysis. For the multiple linear regression andlyss, the

mode would be of the form expressed below:

¥i =bg+bixg +boxg +:---+bpXp +e ©.1)

where:

yi” isthe actual value of the variable to be predicted,
“by” istheintercept term,

“b;” are the slope parameters,

X" arethe explanatory variables under consideration, and

“g" aretheerror terms.

Collectively, “bg” and “b;” arecalled “by”. Inthiscase, “y;” isthe percentage of girder ends cracked,
“x" arethe explanatory variablesin the database, and “by” areto be determined by the statistical analysis.
As previously mentioned, the multiple linear regression performed by the commercially available statistical

analysis package usesthe |east squares method.
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During the course of the analysis, a number of models were considered which included various
combinations of the variablesin the database. Based on the R-squared values of the models, these trials did
not yield ahigh level of accuracy. It should be noted that amodel that fits the data perfectly will have an
R-squared value of 1.0 and amodel that does not fit the data at all will have an R-squared value of 0.0. The
R-squared values for the models considered ranged between 0.1 and 0.3.

Dueto the poor fit of all models considered, this analysis was abandoned. One suspected cause
for the poor fit was that there seems to be two populations of data. One population, those bridgeswith a
low percentage of girders cracked, may have been those bridges that had been inspected for cracksfrom
ground level. With the other population being those bridges exhibiting a higher percentage of girder ends
cracked, possibly having been inspected using a snooper truck.

Figure 0.1 seemsto illustrate the two populations the most clearly, with the data split approximately
between the 20 and 25 percent lines. The researchers were not able to prove or disprove this assumption

due to the fact that the means of crack inspection was not reported in the preliminary database provided by
MoDOT.
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Figure 0.1 Percentage of Girder Ends Cracked vs. Girder Spacing

Bridgesinspected from their base would have fewer cracks observed, due to anumber of factors,
including lack of lighting under the deck of the bridge, the height of the bridge deck, or bridge accessibility
(e.g., dueto water crossing).
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L ogistic Regression Analysis. A logistic regresson can be used to predict the response

of abinary variable. Inthis case, the cracked status of a bridge was the variable; a bridge
can either be cracked or uncracked. In the database the cracked status of the uncracked
bridges was denoted by a“0” and the cracked bridges were denoted by a“1.” Sincea
vaue other than “0” or “1” does not indicate anything, according to the variable

definition, the probability of the bridge being cracked or uncracked iswhat is actualy
modeled.

For the logistic regression analysis, the model would be of the form,

9(%)
p:—1+eg(X) 0.2

where:

“p" isthe probability of not cracking,

g(x) =b, +b,x; +b,x, +---+b X, (0.3)

“by” istheintercept term,
“b;” arethe slope parameters, and

%" arethe variables under consideration.

Again, collectively, “by” and “b;” are called “by”. Thefunction “g(x)” is called the link function.

The model uses the explanatory variablesthat are input and the responsevariable* Yj " to produce the

best estimates for “by”. As previously mentioned, analysis performed by the commercially available
statistical analysis package uses the maximum likelihood method. Using these parameter estimates and the
specific characteristics of the bridge (i.e., the values of “%”), avaue for the link function, “g(x)”, can be
determined and a probability value calculated by Equation 3.2.

In this case, because the cracked bridges were denoted by a one and the uncracked bridges denoted by
azero, the probability calculated in thisway will be the probability of not cracking. Thisisaquirk of the
software package used. To calculate the probability of cracking, which seemsto be amorelogical
indicator of performance, simply subtract the probability of not cracking from one (if expressed asa
decimal), or from 100 percent (if expressed as a percentage).

The next step was to determine the “ goodness of fit” of each model. In thisway, the best model
can be selected and accurate predictions can be made about whether a bridge with certain characteristics
will crack.

For this project, the best model was defined as that model which exhibited the highest accuracy in
predicting the cracked status of abridge. The output of alogistic analysis can be seenin Appendix F.
Based on the model output, a cut-off probability value can be selected that will maximize the accuracy of
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the model prediction. The selected cut-off probability valueis used to establish the predicted cracked status
of abridge. The accuracy of the statistical model can be found under the heading “Classification Table.”

For this model, the highest accuracy can be achieved if a cut-off probability value of 0.50 is selected; this
gives an accuracy of approximately 77 percent. This meansthat if the parameters of a given bridge were
used in the model (e.g. span length, girder area, etc.) and aprobability value of 0.55 were calculated, then

the bridge would classify as uncracked because the cal cul ated probability value of 0.55 islarger than the
selected cut-off probability value of 0.50. As mentioned previously, this choice of cut-off probability
resulted in a prediction accuracy of 77 percent. It may be noted, however, that this accuracy is computed
using the prediction performance of the data used to build the model. Thus, validation of this accuracy

using an independent data set was warranted.

Results of the statistical analysis
The foremost result of the logidtic regression is the building of amode to predict

the cracked status of abridge. The modd chosen, on the aforementioned basis of
maximum accuracy of crack prediction, included the varigbles of shear reinforcement
spacing in the center of the beam, span length, cross sectiond area of one bridge girder,
route type (i.e. interstate highway or other), and aggregate zone (i.e. chert or non-chert).
The example logigtic regression output in Appendix F, examined previoudy, is the output
of the selected model. 1t should be noted that the researchers are not indicating these
variables as the causes of cracking; these variables were indicated by this modeling
technique as Sgnificant variables. Thereisa posshility that varigbles not identified by
this study could be the primary causes of cracking.

A validation of the model was performed using 25 bridges, 10 of which were known to be cracked
and 15 of which were known to be uncracked. As mentioned previously, the accuracy of the model
attained on the original data set is 77 percent. Usually, the accuracy of an independent test data set would
be lower than thisvalue. Initially, the validation was performed using a selected cut-off probability value,
P, of 0.5. SeeTable 0.4 for results.

For the cracked bridges, the model has exhibited 70 percent accuracy. However, for the uncracked
bridges, the accuracy decreases to 40 percent. The combined accuracy, with a selected cut-off probability

value of 0.5is52 percent. Severa limitationsin the analysis lead to this decrease in accuracy.
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Cracked Bridges Uncracked Bridges
Calculated Cracked Status Calculated Cracked Status
Probability Predicted Probability Predicted

P=0.5 P=05
0.935 No 0.651 No
0.029 Yes 0.036 Yes
0.043 Yes 0.464 Yes
0.068 Yes 0.066 Yes
0.033 Yes 0.561 No
0.057 Yes 0.484 Yes
0.715 No 0.101 Yes
0.721 No 0.642 No
0.030 Yes 0.390 Yes
0.032 Yes 0516 No
Accuracy = 0.7 0.959 No
0.179 Yes
0.947 No
0.462 Yes
0.365 Yes
Accuracy = 04

Combined accuracy (p=0.5) = 0.52

First, it was suspected that the lower accuracy is due to the characteristics of the bridgesin the
verification sample. Although the bridges were randomly sampled from the group of bridges that were not
used in the model building stage, they were all non-interstate highway bridges and most were “aggregate
zone” 1, signifying non-chert aggregate. Recall, from the preliminary analysis of the revised database, that
interstate bridges exhibited alower proportion of cracked bridges than the non-interstate bridges, as did the
“aggregate zone” 1 bridges as compared to the “aggregate zone” 0 bridges. Overall, thiswould tend to
decrease the accuracy exhibited for the verification data because the proportions of the parameter values are
not the same between the samples and the whole population (i.e., between the verification sample, the
database, and all Missouri bridges of thistype). See Tables 3.5 and 3.6 for an outline of the bridge
parameters for the verification sample bridges. It may be noted that the variable “ Rt1” will take avalue of

“1” for interstate bridges and avalue of “0” for non-interstate bridge.

Table 0.5 Properties of the Cracked Girdersin the Verification Sample

Bridge Bridge Number of | Route | District Span Rt1| Aggregate Girder
Number | Length (ft) Spans Type length (ft) zone Area(in"2)
A4823 337 4 2 84.25 0 1 643.6
AB5053 352 7 4 50.29 0 0 3819
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A4358 179 3 4 8 50.67 0 0 4289
A4478 197 3 3 8 65.67 0 0 4289
A3822 157 3 3 8 52.33 0 0 3819
A4565 306 5 4 9 61.20 0 0 3819
A4908 378 5 4 5 7560 0 1 3365
A4929S 367 4 2 7 9175 0 0 6436
A5052 356 7 4 7 50.86 0 0 3819
A3412 365 7 4 9 52.14 0 0 3819

Note 1 ft. =0.3048 m, 1in? = 645.2 mm’

Second, the proportion of cracked to uncracked bridges in the database does not match the proportion
in the state of Missouri. The sample of 150 bridgesin the revised database was 50 percent cracked and 50
percent uncracked. Recall, one assumption for this analysis was that of the entire population of PC |-girder
bridgesin the state only the 110 bridges from the preliminary database were cracked. This assumption
would mean that approximately 11 percent of the PC bridgesare cracked. This differencein proportion of
cracked bridges may partially account for the lower accuracy exhibited by the verification sample.

One means of remedying the difference in parameter proportionsisto lower the selected cut-off
probability value. At the previous selected cut-off probability value of 0.5, any bridge prior to analysis has
afivein ten chance of being cracked. That isto say that half of the possible outcomes of the analysis could
conclude that the bridge is cracked and half could conclude that the bridgeis uncracked. By lowering the

cut-off probability value, the number of possible outcomesindicating a cracked bridge will decrease.
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Table 0.6 Properties of the Uncracked Bridgesin the Verification Sample

Bridge Bridge Number of | Route | District Span Rtl | Aggregate Girder
Number | Length (ft) Spans Type length (ft) zone Area(in"2)
A4598 211 3 2 1 70.33 0 1 4289
A2628 129 3 2 7 43.00 0 0 3109
A4781 34 5 2 5 60.80 0 1 4289
A4475 261 4 3 9 65.25 0 0 4289
A3976 333 5 3 4 66.60 0 1 4739
A4755 266 4 3 4 66.50 0 1 643.6
A5362 158 3 2 5 52.67 0 1 643.6
A3500 211 3 2 3 70.33 0 1 518.9
A5512 160 3 2 2 53.33 0 1 3319
A4057 134 3 3 3 61.33 0 1 3319
A4319 262 3 4 4 87.33 0 1 643.6
A3077 171 3 3 4 57.00 0 1 643.6
A4589 257 3 3 3 85.67 0 1 643.6
A4896 182 3 3 6 60.67 0 1 4289
A4622 155 3 3 10 51.67 0 1 3319

Note: 1 ft. = 0.3048 m, 1in® = 645.2 mm’
The verification data was examined again using alower selected cut-off probability value. This
time a selected cut-off probability value of 0.15 was used. The probability value of 0.15 was selected

because, as mentioned previously, there are assumed to be approximately 11 percent of bridges that are

actually cracked in the State. Thevalue of 0.15 is conservative, compared to avalue of 0.11, because, as

mentioned throughout the duration of the project, it is suspected that more bridges are cracked than the

known 11 percent. See Table 0.7 for the results of thisanalysis.

Theresultsindicate that the combined accuracy of the model, using a selected cut-off probability

value of 0.15, is 76 percent. Thisisvery close to the accuracy of the model obtained for the model-

building data.
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Table 0.7 Results of the Validation Using P=0.15

Cracked Bridges Uncracked Bridges
Calculated Cracked Status Calculated Cracked Status
Probability Predicted Probability Predicted

P=0.15 P=0.15

0.935 No 0.651 No
0.029 Yes 0.036 Yes
0.043 Yes 0.464 No
0.068 Yes 0.066 Yes
0.033 Yes 0.561 No
0.057 Yes 0484 No
0.715 No 0.101 Yes
0.721 No 0.642 No
0.030 Yes 0.390 No
0.032 Yes 0516 No
Accuracy = 0.7 0.959 No
0.179 No

0.947 No

0462 No

0.365 No
Accuracy = 0.80

Combined accuracy (p=0.15) = 0.76

While the prediction of cracking isthe primary objective of this procedure, another method of
utilizing the probability valuesisto produce contour plots of the probability of cracking. Thelink function,
“g(x)", for the selected model is expressed as,

g(x) =-0.4793+0.1804 :sec 3- 0.0664: spl - 0.0245: garea
+0.000342 xgarspl +1.8788xt1+ 2.8704 xaggzone

where the variable abbreviations are defined as follows:

0.4)

“sec3” isthe shear reinforcement spacing near the center of the beam,

“spl” isthe span length,

“gared’ isthe girder area,

“garspl” isthe product of the girder area and the span length,

“rt1” isadummy variable to indicate the route type, and

“aggzone” isthe dummy variable used to denote the presence of chert type aggregate.

Of the variablesincluded in the model, girder area and span length would be of most interest to a
bridge designer. The contour plots created will be afunction of these two variables. However, the values
of al of the other variablesin the model must be substituted into the link function to get the probability asa

function of girder areaand span length. For the shear reinforcement spacing in the center of the beam,
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“sec3”, an average value of 17.14 in. will be used. Notethat all units used in these equations should be

English units, as these are the units for which the equations were derived. Substituting the average shear

reinforcement spacing into Equation 3.4, the expression becomes

g(x)=2.6134- 0.0664: spl - 0.0245: garea

(0.5)

+0.000342 xgarspl +1.8788 xrt1+ 2.8704 xaggzone

For the other two variables, there are four possible combinations. (See Table 0.8.)

Table 0.8 Equations Based on Possible Variable Combinations

aggzone | rtl 9(x)
Plot 1 0 0 2.6134-0.0664* spl-0.0245* garea+0.000342* garpl
Plot 2 0 1 4.4922-0,0664* spl-0.0245* garea+0.000342* garspl
Plot 3 1 0 5.4838-0.0664* spl-0.0245* garea+0.000342* garspl
Plot 4 1 1 7.3626-0.0664* 5pl-0.0245* garea+0.000342* garspl

Recall that ‘aggzone’ equal to zero represents the presence of chert aggregate and ‘ aggzone' equal to

one represents the presence of non-chert aggregate. Additionally, ‘rt1l’ equal to zero represents a non-

interstate highway and ‘rt1’ equal to one represents an interstate highway. The contour plots provided in

Figures 3.2 through 3.5 were created for these four possible combinations of variables, respectively, and

illustrate the probability of cracking as afunction of girder area and span length.

Girder Area (in?)

T

G40

EE

420

310
a0 40

a0

T 20 on 100 110 120 120

Span Length (ft)

Figw « «. Contour Plot for Chert Aggregate and Non-inter state Highways
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Note 1 ft. = 0.3048 m, 1in? = 645.2 mm’

02 0l

TA0

640

530

Girder Area(in?)

420

310
40 a0 &l Ta a0 a0 100 110 120 130

Span Length (ft)
Figure 0.3 Contour Plot for Chert Aggregate and I nter state Highways

750

Girder Area(in?)

310
a0 40 0 a0 0 20 on 100 110 120 120

Span Length (ft)
Figure 0.4 Contour Plot for Non-chert Aggregate and Non-inter state Highways

Note: 1 ft. = 0.3048 m, 1in® = 645.2 mm’
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Girder Area(in?)

40 A0 a0 Ta an o0 100 110 120 130
B Span Length (ft)
Figure 0.5 Contour Plot for Non-chert Aggregate and I nter state Highways

It would be appropriate at this point to note the typical ranges of girder area and span length for this
type of bridgein Missouri. Thetypical range for girder areais from 310.9 to 751.6 in® (0.20 to 0.49 nf);
this corresponds to Type 2 through Type 6 girders. Also, the typical range for the span length isfrom 36
to 90 feet (10.97 to 27.43 meters) (Missouri Department of Transportation, 1988, Bridge Manual, Section
3551.1.8).

Depending on the span length considered, the probability of cracking would either increase or decrease
asthe girder areaincreases according to the statistical model considered.

The contour plotsindicate that there is alower probability of cracking for the interstate highway
bridges. Thisisevident in the comparison between Figure 0.2 and Figure 0.3 (chert aggregate), and
between Figure 0.4 and Figure 0.5 (non-chert aggregate). For example, for aspan length of 80 feet (24.38
meters) and agirder area of 600 square inches (0.39 square meters), the probability of cracking can be

compared between the two sets of plotsin Table 0.9.

Table 0.9 Summary of Selected Probability Values

Chert Aggregate Non-chert Aggregate
I nter state Highways 29% 2%
Non-inter state Highways 2% 13%

For non-interstate bridges with chert aggregate (Figure 0.2) the probability of cracking is
approximately 72 percent, while for interstate bridge with chert aggregate (Figure 0.3) the probability
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decreasesto 29 percent. Thisalso evident by a comparison of non-interstate bridges without chert
aggregate (Figure 0.4) and interstate bridge without chert aggregate (Figure 0.5), which exhibit probability
values of 13 percent and 2 percent, respectively. Thereisaconsistent decrease in probability of cracking
for the interstate highway bridges, as compared to the non-interstate highway bridges.

Also evident is an increased probability of cracking for those bridges that contain chert aggregate in
the cast-in-place deck. For the same conditions outlined in the previous example (see Table 0.9), the
comparisons of Figure 0.2 to Figure 0.4, and of Figure 0.3 to Figure 0.5 exhibit thistrend. First for the
non-interstate bridges without chert aggregate (Figure 0.4) exhibits a probability of cracking of 13 percent,
compared to a percentage of 72 percent from non-interstate bridges with chert aggregate (Figure 0.2).
Additionally, interstate bridge without chert aggregate (Figure 0.5) exhibits a probability of 2 percent while
interstate bridge with chert aggregate (Figure 0.3) exhibits a probability of 29 percent. Thereisa consistent
increase in probability of cracking for the chert aggregate bridges, as compared to the non-chert aggregate
bridges.

Caution should be exhibited when attempting to draw conclusions about the effects of the explanatory
variables on the response variable. While the prediction ability of the model may be good, to claim that the
explanatory variables used in that model actually determine the magnitude of the response variable, those
variables must not only predict, but must also control, the response variable. (Gunst and Mason, 1980, pg.
17) In other words, to claim that the variables identified in this study actually cause girder cracking, there
must be proof that these variables can also control the occurrence of girder cracking.

Theresults of the statistical analysis can be summarized as follows:

There seems to be two populations of data, those inspected by the snooper truck and those
inspected from ground level.
There are more PC |-girder bridgesin Missouri that are cracked than previously expected or
reported.
The cracked status of a bridge can be predicted with approximately 77 percent accuracy using
the proposed model, which is afunction of the shear reinforcement spacing near the center of
the girder, girder area, span length, aggregate type, and route type.
Chert aggregate use increases the probability of cracking, as calculated by the proposed
model. The chert aggregateis used in the deck concrete of some bridgesin southern
Missouri.
Interstate highway bridges have alower probability of cracking, compared to non-interstate
highway bridges, as calculated by the proposed model.
For agiven girder area, longer span lengths decrease the probability of cracking given by the
proposed model.

Additionally, for the logistic regression, the exp lanatory variables used in the models were not

standardized; that is, made to vary between—1 and +1 regardless of their actual range. Therefore, the
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conclusion cannot be drawn that a variable with alarger coefficient influences the response variable more

than avariable that has alower coefficient.
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Diagonal Tension
V. S. Gopalaratnam and T. P. Earney

verification of shear force and moment envelopes
MoDOQOT uses an in-house software, BR200 (MoDOT, 1998), for the andysis of

bridge loading. Results from this software were independently verified usng another
smilar software developed a UMC by Hiley (1994). Data from the HPC bridge
(Eatherton, 1999, Gopaaratnam and Eatherton, 2001) was used for this verification since
detalled information was readily available. The procedures used and the results from the
anayses are presented and discussed in this section.

Analysis M ethod for Continuous Bridges. The HPC bridge is composed of four spans
(51, 82,82, and 66" (15.6, 25.0, 25.0, 20.1 m)) designated Span 12, Span 23, Span 34
and Span 45, respectively. The design principle for multi-span bridges that are made
continuous for live load is based on atwo step approach: (1) The girders are analyzed as

ample spansfor sdf weight and weight of the dab, and (2) The girders are analyzed as
fully continuous using design live loads, and dead |oads due to barrier curb and future

wearing surface.

AASHTO Loading. Inorder to be sure that the design loads were gpplied according to
AASHTO (1996) specifications, the bridge was andyzed using another program that
dlowsthe user to input dl of the load combinations specified in AASHTO individudly.
The program used was CEMU, developed by Hiley (1994). This program uses the
diffness method to generate shear and moment envelopes. The specified loading, HS-20
Modified (HS-25), was used and is summarized in Figure 4.1. Thedistance“x” used in
the truck loading was found by incrementally decreasing it from the maximum alowable
(301t, 9.2 m) until a maximum moment was reached. It was determined that the
minimum vaue (14 ft, 4.3 m) produced the greatest moments. When using equivaent
lane loads, AASHTO (1996) specifies (Section 3.11.3) that two concentrated loads be
applied such that the maximum negative moment is created. The required location of
these loads was found by anayzing the bridge with adjacent spans loaded only with the
uniform load. The location of the maximum positive moments is where the concentrated
loads should be placed. This method is easily verified usng smple structurd andysis.
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Findly, the maximum vaue from dl of the load combinations was taken and the impact
factor was applied. Asillugtrated in Figure 4.2. and Figure 4.3., it can be seen that
BR200' s output for moment and shear force envelopes, repectively, nearly identicaly
meatches those obtained usng CEMU.

22.5k Moment

10k 40k 40K 32.5k Shear
14 ft X R00 1h /ft
l A y y A l

Truck Loading Lane Loading
v ! 1
] v 2
! 1! 3

Uniform L oad
Arrangements

)]

Span 1 Span 2 Span 3 Span 4

Note: 1 kip=4.4 kN, 1 Ib/ft = 1.3 kN/m
Figure0.1 AASHTO HS-20 M odified Live Loads and L oad Configurations
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Note: 1 k-ft = 1.4 KN-m, 1 ft = 0.3048 m
Figure 0.2 Comparison of Moment Envelopes from BR200 and CEM U
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-150.00 : 13579
N -164.01 \ -163.69

-200.00

Shear (kips)
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Length (ft)

Note: 1k =4.4kN, 1ft =0.3048 m
Figure 0.3 Comparison of Shear Force Envelopes from BR200 and CEMU

calculation of shear stressesin uncracked, elastic girder

AnalysisMethod. In order to evauate the potentid for diagond tension forces causing
cracking, an uncracked dastic andyss was performed. Thisanalyssis based upon a
smple two-dimensiond agpplication of Mohr’s Circle. An eement was taken at the
centroid of each girder at adistance “d/2” and “d” away from the end, which are the
critical sections for shear stress induced cracking. The shear stress at any depth,

computed usng dadtic andyssis given by:

-V Q

T 4.1)

The axial compression due to prestressing can be determined at any depth “y” from centric and eccentric

contributions to the normal stress:

P Pexy 4.2
ShIRTT 2

Figure 4.4 shows the stress state of the element and its Mohr’ s circle representation.
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Figure 0.4 Element at Girder Centroid and Mohr’s Circle Characterization
of This Stress State

Results. Using the andysis method described above and using unfactored service loads,
the principa stresses and their orientation were found for each critical section of the
interior girders of the HPC bridge. Interior girders were chosen since they have greater
shear loading than the exterior girders. Results are presented in Table 4.1. 1t can be
observed that the maximum tensile stressis around 230 ps (1.7 MPa). The modulus of
rupture is assumed to be 7.5(F .. Depending upon the concrete compressive strength, the
modulus of rupture for concrete can typicdly vary in the range of 500-750 psi (3.5-5.3
Mpa). So the diagona tension stress under service loads by itself may not be adequate to
cause cracking. Thereis however, potentia thet the diagond tenson may act in
combination with other forces to produce shear-type cracking (for example, stress from
service temperature variations, time dependent |oads from creep and shrinkage, and
resdud stress from early-age loading).

Comparison of required vertical reinforcement
In order to determine whether enough vertical shear reinforcement was used to

ensure ultimate strength, the required vertica shear reinforcement output from BR200
was compared to the reinforcement required based upon the AASHTO design code
(1996), and the ACI Building Code (1995). It was found that the output from BR200 is
conservative compared with both methods (Figure 4.5).

AASHTO Method. The 1979 AASHTO method was used for determining shear
reinforcement requirements. The procedures described in this edition are used in the

BR200 Code and hence comparisons of the two designs are appropriate.
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Table0.1 Diagonal Tension (s 1) and Inclination of Principal Direction (q) for
the Interior Girdersat Critical Shear Locations

Axial compression Principal Principal Principal

L ocation* Sh::;a(r s;ress at the cerﬁtroi d Tensizn Compre;i on Di recti%n,

Ps) 50 (ps) 51 (ps) ss(ps)  q(degrees)
Span 12 (1h72) 217 ~770 183 -053 23.7
Span 12 (1h) 383 -770 158 -928 22.4
Span 12 (2h) 449 -770 206 -976 24.7
Span 12 (2h/2) 479 -770 229 -999 25.6
Span 23 (2h/2) 501 -1345 166 -1511 18.3
Span 23 (2h) 475 -1345 151 -1496 17.6
Span 23 (3h) 475 -1345 151 -1496 17.6
Span 23 (3h/2) 502 -1345 166 -1512 18.4
Span 34 (3h/2) 505 -1345 168 -1514 184
Span 34 (3h) 479 -1345 153 -1498 17.7
Span 34 (4h) 478 -1345 152 -1498 17.7
Span 34 (4h/2) 504 -1345 168 -1513 18.4
Span 45 (4h/2) 460 -960 185 -1144 21.9
Span 45 (4h) 433 -960 167 -1126 21.0
Span 45 (5h) 370 -960 126 -1086 18.8
Span 45 (5h/2) 402 -960 146 -1106 19.9

* Span 12 (51'), Span 23 (82'), Span 34 (82'), Span 45 (66'). The first number within bracketsin the table
refersto the proximity to the numbered end. h/2 and h refer to distance fromthe end for the cross-
section under consideration, where h is the depth of the girder Note: 1 psi = 6.89 kPa

This method islisted in the current AASHTO (1996) as an aternative (Section 9.20).
This method is smpler than the current AASHTO code in that the shear contribution of
the concrete does not account for shear and moment interaction or the contribution of
vertica prestressing. The concrete shear capacity in the 1979 AASHTO codeisa
function of the areain shear, b jd. The newer version, however, is less conservative than
the 1979 verson. The 1979 procedureisto first find the factored applied shear force, V..

fVy =V, where 1V, =13V, +167V,,), F = 0.9. (4.3)
Now the area of steel required can be computed using:
(VN ~ Vc) XS
- 4.4
A 21 id (44)
Vc isthe portion of the of the shear resistance provided by the concrete and is found as:
V. =180b jd for f’c > 3,000 psi. (4.5)

Theresults of thisanalysis are shown in Figure 4.5. It can be seen, in general, that the BR200 solution

for stirrup design is conservative compared to the AASHTO design procedure. Some discrepancies do
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exist between the two methods. BR200 makes assumptions about the moment arm, “jd”, that are somewhat
different from an exact analysis. Finaly, in the negative moment regions, BR200 doubles the required area

of reinforcement.

ACI Method. The ACI Building Code (1995) was used to caculate the area of shear for
comparison purposes. This method is sgnificantly less conservetive than the 1979
AASHTO Code. It addresses the influence of shear and moment interaction on the shear
resstance provided by concrete. It aso includes the two types of shear cracking, web
and flexurd shear cracking. This procedure resulted in stirrup reinforcement areas that

are smdler than 1979 AASHTO requirements. It should however be noted that ACI
shear design procedures are not specifically intended for bridge girder design, but are
nearly identica to the current AASHTO procedure. Figure 4.5 dso includes results from
the ACI design procedure for stirrup design.
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Note: 1 ft = 0.3048 m,.1in? = 645.2 mn’
Figure0.5 Areaof Stirrup Reinforcement required per 12" Length According

to ACIl, AASHTO and BR200 Guiddines
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EARLY-AGE CRACKING
V. S. Gopaaratnam and T. P. Earney

STRESSES DUE TO PRESTRESS TRANSFER
It was decided early in the project that the stresses due to the transfer of the

prestressing force should be included in the investigation of early-age cracking since they
contribute to the vertical tensle stressesin the ends of the girders. Gergely and Sozen
(1967) developed amodd to determine the end stresses in post-tensioned girders, which
is, with modifications, applicable to the case of pre-tensoned girders. The origind mode
will be presented, followed by the modifications that were made based upon observations
during this project and available experimentd data. Findly, the results from this andyss
and their implications on design are presented.

Gergely - Sozen Model. A mode to evaluate the vertical stresses crested in the end of a
girder due the transfer of the prestressing force was developed by Gergely and Sozen
(1967). The modd, shown in Figure 5.1, is used to demonstrate that the release of the
prestressing strands produces tensile stresses at the girder-ends due to an unbalanced
moment in afree body of the bottom of the girder-ends. Concrete at thislocation is
therefore subjected to tensile stress. Consider the free body of the bottom of the girder-

end, Figure 5.1. The concentrated force from the prestressing strands cannot be resisted
soldy by the normal stresses at the other end of the free body. The resultant unbalanced
moment required for equilibrium on the top face of the free body generates tensile stress
in the concrete at the girder-end near the junction between the web and the bottom flange.
The model assumes that the maximum vertical stresswill occur at the top of the bottom
flange bulb when the length of the section is equd to the height of the girder.

Modified Gergely - Sozen Model. Aswasaluded to above, the Gergely and Sozen
modd includes assumptions that may not be vaid based on the experimentd data
gathered from a companion investigation (Eatherton, 1999, Gopalaratnam and Eatherton,
2001). It was assumed that the stress would be a maximum at the top of the bottom
flange bulb. 1t was observed, however, in the girders that exhibited horizonta cracking,
that the cracks were higher in the web than this (Figure 1.4b). By solving for the
unbaanced moment as a function of the amount of web included in the section, it can be
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shown that the maximum moment occurs higher in theweb. Thismodel isshownin
Figure 5.2 with the unknown depth above the bottom flange bulb labded “y”. The
unbalanced moment is solved in terms of “y”.

M =Ply+h -y,)-Cly+h -y,)- &, - L&l (5.1)
e 3Mg 2

Computing thefirst derivative of Equation 5.1 and setting it equal to zero allows one to establish the depth

at which the moment reaches amaximum value. Thisdepth isgiven by:

s X i\/(s f xtw)z-z%(P-C)
tW

m

- &i

_—

/_\Reactlon Moment,
-/

Figure 0.1 Gergely - Sozen Model for Determining Girder-End Vertical
Stress Dueto Prestress Transfer

y= (6.2)

In order to find the stressin the girder-end due to this moment, alength of girder must be used (labeled
“X" in Figure5.2). Gergely and Sozen had suggested that “x” be assumed equal to the total height of the
girder. For apretensioned girder, it is expected that this|ength should at |east be equal to the transfer
length. Since datafrom stirrup strains during prestress transfer operations for the High Performance
Concrete (HPC) Bridge project (Eatherton, 1999, Gopal aratham and Eatherton, 2001) was readily
available, it was possible to evaluate the Gergely - Sozen recommendation for girder length to be

considered.
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A
w

Figure 0.2 M odified Gergely - Sozen M odel

Two stirrups were instrumented in the ends of each of the four girders, Figure5.3. Onestirrupis
located a distance “h/2” from the end of the girder, and the second islocated “h” from the end.
Additionally, these stirrups are each instrumented at two locations along the height of the stirrup. The
strainsat “h/2” - and “h" -away were opposite in sign suggesting that the point of “zero-strain” occurs
somewhere between these two locations. Asillustrated in Figure 5.4, this point of “zero-strain” islocated
“x/2" from the end for the Gergely - Sozen model. Due to the limited number of experimental data points,
the influence of girder geometry, prestressing force used, prestressing profile, and transfer length on the
location of “x” cannot be ascertained for ageneral case. However, for Type VI MoDOT girders used in the
HPC project, thislocation can be established experimentally from the data available.

Table 0.1 Experimental Determination of “ Zero-Strain” L ocation
from Stirrup Strain Data

Gage Location Strain at h/2 Strainat h Location of “zero-gtrain”, x/ 2,
(nstr) (rrstr) from girder-end (in)
Top of Short Girder 100 -6.0 439
Middle of Short Girder 280 -25.0 113
Top of Long Girder - -18.0 -
Middle of Long Girder 150 -36.0 34.9

Note: 1in=25.4 mm, short girder @51’ span, long girder @82" span
Gage Locations

(]

Iy

h2

>
<%

Y

h Instrumented Stirrups
Figure 0.3 Location of Strain Gages on Stirrupsin the HPC Girders
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s = M(x/2)/]
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Figure 0.4 Assumed Stress Distribution from Unbalanced M oment

The strain data, as well asthe calculated distance (based on linear interpolation), “x”, are shown in
Table5.1. If the Gergely - Sozen assumption is used, this distance would be h/2 = 27 inches for both
girders. Thislength isshorter than that computed from experimental measurements of stirrup strain and
resultsin stresses that are significantly higher. Table 5.2 lists the computed values for maximum
unbalanced moment for each of these girders, the corresponding location, and the maximum vertical tensile

stress produced using the Gergely - Sozen assumption for “x”, as well as the experimentally computed

length, “x”.

The maximum tenslle stresses in the girder-ends due to prestress transfer (~350 ps,
2.4 MPa) are approximately 40% to 50% of the tensile strength of concrete (~550-750
ps, 3.8—5.2 MPa). While these stresses by themsalves may not be sufficient to cause
cracking, when they are considered in conjunction with the residua tensile stresses due to
hydration/curing gradients, discussed in Section 5.2, horizonta girder-end cracking is
possible.

Table 0.2 Maximum Tensile Stress and L ocation Due To Prestress
Transfer Using the Gergely - Sozen Model (1967)

. . Max. Tensile
. L ocation of Max Max. Unbalanced Max. TensﬂeStr%s Stress (psi)
Girder Moment, (in.) Moment (k-in) (pSi) Gergely - Sozen
From Bottom of Girder Experimental Data
Model
Long 230 2360 349 747
Short 204 1749 315 554

Note: 1in=25.4mm, 1 k-in=16.8 kN-m, 1 ps = 6.89 kPa

RESIDUAL STRESSES FROM FINITE ELEMENT ANALYSIS OF EARLY-AGE
BEHAVIOR
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In order to determine the effects that therma expansion and hardening have on
producing resdud sressesin the concrete during curing, a finite dement mode was
created and solved using ANSY S Version 5.4 (1999). The restrained movement of the
girder indde the sed form is modeled using typica temperature gradients to produce
resdua stress profiles. The model properties and boundary conditions are discussed,
followed by adiscussion of the therma gradients used. Next, the analysis procedure is
presented. Findly, theresidua stress profiles are presented and discussed.

M odel Properties

Elements. Two types of dements are used in this numerical modd. Four-node,
two-dimensond plane, structurd solid elements were used to model both the concrete
and the sed mold. Two-node, two-dimensiond, point-to-point contact €ements were
used to modd the interface between the concrete and the steel mold.

For the plane elements, a plane strainoption is chosen, which allows for stress in the z-direction
(perpendicular to the cross section) while the strain in the z-direction is assumed to be zero. These
elements have two degrees of freedom at each node: x- and y-direction displacements. Small displacement
theory isused in conjunction with linear elastic material behavior. The contact elements are incorporated
such that they model two surfaces that allow for compressive normal forces aswell asfrictional sliding

forces, but do not transfer tensile forces. This allows the concrete to separate from the steel mold
preventing any normal tensile force from developing at the steel-concrete interface. The frictional forceis
calculated as the compressive normal force times the coefficient of friction, “ni. The coefficient of friction
was assumed asm= 0.5. The normal stiffness must be specified explicitly and isvaried in order to achieve
convergence. It wasfound that for these models, a normal stiffness value around one tenth of the modulus

of elasticity of the concrete was required (which isin the range recommended by ANSY S (1999)).

Model Geometry and Meshing. Latein the project, it was decided that it would
be desirable to create stress profiles for three types of girders, aType VI (as originally
proposed) and, additionaly Type Il and Type Ill girders. Two types of concrete, HPC
and Norma Strength Concrete (NSC) were studied. HPC has design strength of 10,000
ps (70 MPa), while NSC'sis 6,000 ps (42 MPa). Thiswould give arepresentative
range of resdud sressesin the different types of girders used in Missouri and facilitate
design computations of Type Il girdersin the companion UMR study. The mesh was
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created to preserve as nearly as possible an aspect ratio of 1.1 for the plane eements. In
al cases, mesh refinement studies were conducted to establish that mesh size had little
influence on the stress solutions. Figure 5.5 shows the girder dimensionsfor the dl three
types of girders, and Figure 5.6 shows the dement mesh for the girders. The stedd mold
isoneinch (25.4 mm) thick, which, with modifications to the web stedl properties
accounts for the additiona tiffness provided by the stiffeners on the sdes of the mold.
The top brace on the modd isto smulate the bracing used to prevent the form from
splaying open. This bracing islocated 4 inches (101.6 mm) above the top of the concrete
(Figure 5.6).

Boundary Conditions and L oads. The boundary conditions were chosen to
mode the girder Stting on arigid platform, and to reflect the symmetry of the cross-
section. Thiswas done by restraining vertical movement of nodes along the bottom edge
of the form and by restraining horizontal movement of nodes along the centerline of the
girder cross-section (Figure 5.6).

248

‘5,, 7y

13"
45 + "

54" &

39" 6 |e

v 32

7 v 6" y 6

ﬁ" v 7" l 5" l
” > 4 — » 1 —»
24 17" 17"
Type VI Type lll Typell

NOTE: 1in=254 mm
Figure 0.5 Dimensions of MoDOT Girder Types Used in the Finite Element Models

43



Sequence 9: Cracking in Prestressed |-Girder Bridges Sequence 12: PCI Girder Cracking Phase Il: Causes and Design Detall

e

H

g
= !
ﬁ:ﬂ ALl Ty

G

=l i

P PFPPTRPTTTTPPTTTTTTDPT P TTTPLDY PITELTT T 7

O e e e P A N U
fi%i ;1%;'\6’ LAY
[
-

waf g1

._1 ..%, L A
T ..'-;
=

IR

NOTE: Steel mold is shown in adarker shade
Figure 0.6 Finite Element Mesh and Boundary Conditionsfor Girder Models
The model is subjected to thermal loading and |oading due to self-weight. Unit weights of 150

Ib/ft® (23.6 KN/nT) for the concrete and 490 Ib/ft> (76.9 kN/nT) for the steel were used. The temperature
values were based on experimental data recorded during curing of the girders for the HPC bridge
(Eatherton, 1999, Gopalaratnam and Eatherton, 2001) and its companion bridge’ s girders, made of NSC
(Chojnacki, 1999).

Figure 5.7 shows the experimental ly measured temperature difference for four HPC girder cross-
sections. The values plotted are the absol ute maximum difference in temperature among eight
thermocouples (locations shown in the inset to the figure) at each of two cross sectionsin the two (of the
four) instrumented girders: one cross-section at midspan, and one at the end. Figure 5.8 showsthe
temperature development and the maximum difference observed between the top and bottom
thermocouples of the NSC girders using data collected by MoDOT (Chojnacki, 1999). Thermal gradients
measured experimentally from the NSC girders were extrapolated linearly to the total depth of the girder.
Thiswas necessary because of differencesin the location of temperature measurements between the HPC
and NSC girders (seeinsetsin Figures 5.7 and 5.8).
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Based upon the datain Figures 5.7 and 5.8 it was decided to use a maximum temperature differential
of 20°C (68°F) for the Type VI HPC girder and 8°C (46°F) for the Type VI NSC girder, linearly distributed
along girder depth. Thethermal gradients used for Type Il and Type Il girders wereidentical to the
gradient used for Type VI girders (temperature difference between top and bottom of the girder
proportional to girder depth).

L oading Procedure. In order to keep the finite dement modd as smple as
possible, assumptions were made about the behavior of the curing concrete under
temperature loading. It was decided that a single load step would be used. When
concrete cures, its iffnessincreases with time. During the time when the steam curing
is started (about 12 hours after casting), the concrete has arelatively low stiffness. Using
the equations (Equation 5.3-5.4) proposed by Branson (1977), shown below, the 12-hour
modulus of dadticity is about 60% of the 28-day modulus of dagticity. The 12-hour
modulusis 2.6 x 10° psi (18.2 GPa), and the 28-day modulusis 4.4 x 10° psi (30.8 GPa)
for normal strength concrete. For HPC, these modulus values are 3.3 x 10° psi (23.1
GPa), and 5.7 x 10° psi (39.9 GPa), respectively.

. t : .
(fc )t —( fc )28d ©3

1,00 +.95t

E. = 57000\/‘ f L (5.4)

When examining the temperature history shown in Figures 5.7 and 5.8, it can be seen that the
temperature increase occurs very early in the life of the girder. The temperature does not return to “ near
ambient” conditions until approximately 42-72 hours. Thus, the thermal expansion occurs when the
concreteis not very stiff. Also sincethe steel mold has a higher coefficient of thermal expansion (Table
5.4), it produces no significant restraint during thistime. Both of these influences, it is assumed, resultin
little accumulation of residual stressin concrete during thistime. When cooling takes place, the hardened
concrete behavesin arelatively stiff manner.

Based on these observations and assumptions, residual stress profiles were generated for the cooling
portion of the early-age response. This wasaccomplished by applying adrop in nodal temperatures to
replicate the experimentally measured change in temperatures from the maximum temperatures back to
ambient temperature. For NSC and HPC, the maximum top flange temperature was found to be 10°C
(50°F) above the ambient temperature. Thus, the nodal temperature drop applied to the Type VI NSC
model ranged from 10°C (50°F) at the top of the girder to 15°C at the bottom. For the Type VI HPC, the
range was from 10°C to 30°C (50°F to 86°F). Table 5.3 sunmarizes the temperature loading applied to all
of the girders. For the smaller girders (Types |l and I11), the gradient was kept the same and the bottom
flange value was proportionately scaled to reflect the shorter height of the girder.
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Table0.3 Applied Temperature Drop Used in the Finite Elements Analysis
of Early-Age Behavior of Prestressed Concrete |-Girders

: Typell Typelll TypeVI
Girder Type HPC  NSC HPC  NSC  HPC  NSC
Top Fiber, °C 10 10 10 10 10 10
Bottom Fiber, °C 2 15 24 16 30 18

NOTE: 1° =1.8°C +32

Material Properties. The materid properties needed to perform the andyss are
listed in Table 5.4. These properties were dl taken from Bever, (1986) except as noted in
the footnote to the table. The eastic modulus vaue for concrete is based on a 3-day age.

The curing process for the HPC girders for which the anadyss has been completed
typicaly takes between 2-3 days. Use of a 3-day eastic modulus would thus represent a
consarvative vaue of siffness (higher magnitudes of resdud stress). Web sted

properties have been adjusted to include the effect of stiffeners provided in the web dong
the sdes of the mold.

Table 0.4 Material Properties Used in Finite Element Analysis

Materid Poisson's  Unit Weight, Thermd coefficient of Y oung’'s Modulus,

Ratio, n g, (pcf) expanson, a, (inin°C) E, (ps)
HPC 15 150 99x 10° 5.0x 10°
NSC 15 150 9.9x10° 3.9x 10%
Sted 30 490 11.7 x 10°® 30x 10°
Sted in web 30 490 11.7 x 10°® 90 x 10°

“Values found using Branson (1977) method. 1 Ib/ft® = 157 N/nt,
1in/in/°C=1.8in/in/°F, 1 psi = 6.89 kPa

Stress Profiles. For each mode a principal stress contour plot (tension assumed

positive) showing the entire cross section and a close-up of the region of maximum stress
isincluded (Figs 5.9 through 5.14). Generdly, the location of maximum tensile stress

was observed to be at the reentrant corner at the junction of the web and the top or bottom
flange bulbs. These figures and the accompanying tables of results (Tables 5.5 through

5.7) show stresses in the y-direction of the girder. Thisisthe direction from top flange to

bottom flange. Due to the nature of the analysis, it is not possible to predict the stresses
in other directions.

The orientation of the principal stressesis not shown in Figures 5.9 through 5.14. However, for

every case it was found that the principal tensile stressesin the concrete act in a direction parallel to the
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contour of the mold. This observation is consistent with early-age cracks observed after the HPC girders
were cured and the prestressing force transferred. Tables 5.5 through 5.7 provide a statistical summary of

the nodal stressesfor each girder type.

High Performance Concrete. Expectedly, the sresslevelsfor the high
performance concrete were higher in al cases than the siresses on the same cross section
with norma strength concrete. Thisis acombined effect of higher temperaturesand a
higher modulus of eadticity. For the Type VI girder, the maximum stressis 437 ps (3.0
MPa) and islocated near the bottom flange. For the Type [11 girder, a maximum stress of
360 ps (2.5 MPa) was achieved near the bottom flange, and in the Type Il the maximum
stresswas 162 ps (1.1 MPa), located near the top flange.

Normal Strength Concrete. Principa stress vaues are 40%- 50% lower for dl
of the NSC models compared to the HPC. For the Type VI girder, the maximum stressis
237 ps (1.6 MPa), located near the bottom flange. For Type 11 the maximum Stressis
143 ps (1.0 MPa) and islocated near the top flange. In Type Il girder, the maximum
gressin the region of the bottom flange is about 63 ps (0.4 MPa).

Table 0.5 Resdual Stress Distribution for Typell Girders

Parameter High Performance Concrete Norma Strength Concrete
Sp (ps) Syy (ps) Sp (ps) Syy (ps)
Max. Stress 162 121 63 51
Min Stress -51 -119 -27 -82
Avg. Stress 39 30 13 7
Median Stress 38 32 12 8
Std. Dev. 34 39 12 14

NOTE: 1 ps = 6.89 kPa

Table 0.6 Residual Stress Distribution for Typelll Girders

Parameter High Performance Concrete Norma Strength Concrete
Sp (ps) Syy (ps) Sp (ps) Syy (pS)
Max. Stress 360 234 143 138
Min Stress -62 -233 -30 -86
Avg. Stress 65 35 24 10
Median Stress 69 34 31 8
Std. Dev. 52 58 37 19

NOTE: 1 ps = 6.89 kPa
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Table 0.7 Resdual Stress Distribution for Type VI Girders

Parameter High Performance Concrete Normal Strength Concrete
Sp (p9) Syy (ps) Sp (pd) Syy (ps)
Max. Stress 437 359 237 189
Min Stress -48 -312 -36 -262
Avg. Stress 108 80 68 47
Median Stress 111 66 79 42
Std. Dev. 80 95 47 57

NOTE: 1 ps = 6.89

49



Sequence 9: Oracking in Prestressed |-Girder Bridges Sequence 12: PCI Girder Cracking Phase I1: Causes and Design Detail

(sd) Jep 119 [18dAL OSN 40}3[1J0id SS9 IS [enpIsay OT'Ganbi-
ed?68'9=15d T 310N

(1sd) Jop 19 119dAL DdH 10}3]1j0id SSB1IS [eNPISAY 6'G 3B
ed68'9=15dT 310N

50



Sequence 9: Oracking in Prestressed |-Girder Bridges Sequence 12: PCI Girder Cracking Phase I1: Causes and Design Detail

(sd) Jopa19 [119dAL DSN 1048|1J0Id SS IS [enpisay gT'Ga4nbi4  (1sd) Jep 1o
ed) 689 =15d T : 310N

[119dA L OdH 10}3]1Joid SS3 1S [enpisay TT'G a.nbi
edX68'9=1sdT 310N

51



Sequence 9: Oracking in Prestressed |-Girder Bridges Sequence 12: PCI Girder Cracking Phase I1: Causes and Design Detail

(sd) Jep 9 |A8dAL DdH 10)8]1J01d SSBIIS [enpsay #T°Ganbiq
ed®68'9=1dT 310N

IRREENL

]

(1sd) ;epa19 |ASdAL DSN 10)8]1J01d S8 IS [enpisay £T1°G84nbi-
ed® 689 =1dT 310N

ENEREN

=T

B
EEE
=1
2
=
(3

52



Sequence 9: Cracking in Prestressed |-Girder Bridges Sequence 12: PCI Girder Cracking Phase Il: Causes and Design Detall

Table5.8 Suggested Reductionsin Allowable Tensile StressDue To
Residual Stressesfrom Early-Age Thermal Loading

MOR Recommended Reduction, ps

Concrete Type (7.5C¢ ), ps Typell Typelll Type VI
HPC 750 73 117 188
NSC 580 25 61 115

NOTE: 1 ps = 6.89 kPa

Design Implications. It can be seen in the results that a uniform resdua tendle dressis
locked into the web of these girders due to early-age thermd loading. The principa
stressesin the web are on the order of the average nodal stress plus one standard

deviation. Since cracking is mogt likely to occur in thisregion, it is necessary that the
alowable vertica tensle stress capacity be reduced to account for resdud tengle
stresses due to early-age therma loading.

Based upon the numbers and figures presented in this section it is recommended that, for design, the
allowable vertical tensile stress be reduced by avalue equal to the average principal nodal stress plus one
standard deviation. Table 5.8 showsthisreduction, aswell astypical valuesfor the modulus of rupture
(MOR) of concrete (flexural tensile strength). 1t should be noted that the direct tensile strength (which
governs cracking) istypically smaller that the MOR. It can be seen that the recommended reduction in
allowabletensile stressis between 10% and 25% of MOR for the HPC girders, and between 5% and 20%
of MOR for the NSC girders. These values are not critical by themselves, however when combined with
the tensile stresses at girder-ends due to prestress transfer, (Table 5.2) the potential for cracking is greatly
increased.

The numerical model was devel oped to analyze only the in-plane stresses of the cross section during
the curing of the girders (while they are still in the forms). The analysis method does not alow for the
determination of the horizontal (out of plane) stresses created during thistime. It isintended that the
vertical tensile stresses found using this mo del be used solely to evaluate the potential for horizontal cracks
to develop during the prestress transfer process as discussed in Section 5.1. Theresidual vertical tensile
stresses act to reduce the effective tensile capacity of the girder concrete toresist the vertical stress at the

end cross sections due to the transfer of the prestressing force.
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6 DIAPHRAM DETAILING
V. S. Gopalaratnam and T. P. Earney

6.1 OVERVIEW OF CURRENT PRACTICE
Many states make precast concrete girder bridges continuous for live load by pouring a continuous deck with monolithic

diaphragms at the bents that encase the ends of the girders (Oesterle, et a., 1989). This eliminates the necessity of expansion jointsin
the slab on top of the bents. Expansion joints pose considerable maintenance issues for both the slab and the bent cap. These
diaphragms are not typically designed for each bridge, but rather a standard detail is used for all bridges.

Problems have been encountered with this design where girders are made continuous by using diaphragms (Miller, 2000). The
primary cause for this cracking was believed previously to be due to moments created due to time-dependant deformations of the
girders (Oesterle, et al., 1989). These deformations create positive moments over the bents that cause the diaphragm to crack.
Providing reinforcement to resist positive moments will reduce the crack widths, but were found to provide no structural advantage
(Oesterle, et al., 1989). When positive moment reinforcement is provided, the positive moments near the bents are increased, and
when no reinforcement is provided, asmall crack will develop in the bottom of the diaphragm. Positive mid-span moments under all
loads (including dead load and live load) are nearly the same in both cases. With reinforcement, there is a greater moment to
overcome at the support, and, without reinforcement, the crack must first be closed. This does not account for the vertical cracking
that has been observed in the girder-endsin Missouri (Figure 1.1), or the spalling of large portions of the diaphragm (Figure 1.1 and
1.2), however. Datacollected from Missouri’s HPC Bridge and published by Eatherton (1999), Gopalaratnam and Eatherton (2001),
and Barrett (2000) has shown that large strains can be created due to thermal gradients and seasonal temperature changes. The

influence of temperature-induced strains on continuous bridges has al so been observed by Russell and Gerken (1994).

6.2 STRAINSDUE TO SERVICE TEMPERATURES (THERMAL GRADIENTYS)

Thermd gradients cause cambering of bridge spans due to daily temperature variations. During the day,
the top of the bridge deck is subjected to much heat from the sun, which causes it to expand. In contrast, the
girders are subjected to lower temperatures and do not expand as much. This causes the girders to deflect
upwards in the middle of the spans, and creates negative momentsin the center of the spans and postive
moments over the bents. Data has shown that these moments can be of the same order as live load moments
and moments due to creep and shrinkage (Conway, 1999). Data available on the influence of service
temperatures on strains in prestressed |-girder bridges too suggests that strains from such loading may be more
ggnificant than design loads (Eatherton, 1999, Gopa aratnam and Eatherton, 2001). In addition, Alabama DOT
(Conway, 1999, Alabama Department of Trangportation, 1994) experiences with regard to this problem are
detailed in Section 6.2.2. Data collected from Missouri’s HPC Bridge (Barrett, 2000), additionaly shows that
seasond temperature variations cause axid lengthening and shortening of the girders, which could account for
the verticd cracking that has been observed.

6.2.1 Missouri’s HPC Bridge and the I nfluence of Service Temperatures. Bridge A5529, Missouri’ sfirst

HPC bridge was instrumented with thermocouples and strain gages with the intent of monitoring four of the
twenty prestressed |- girders right from when concrete was poured to when the bridge completed one year in
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sarvice. Severa interesting observations have become known not only on the performance of prestressed HPC
bridge girders but on prestressed concrete bridges that are made continuous for live loads. These observations
are detailed in other reports (Barrett, 2000, Eatherton, 1999, Gopdaratham and Eatherton, 2001).

One point of interest to thisinvestigation is the observation that strains causing positive moments at the supports from
nominal variations in service temperatures are significant in magnitude and may be in excess of strains due to design loads. Figure 6.1
shows a three-day window of temperature variations during springtime when average temperatures dropped each day (Eatherton,
1999). Daily variations of approximately 10°C (50°F) and a 3-day variation of approximately 15°C (59°F) can be observed. During
this cooling period, the top flange typically peaked later than the web and the bottom flange and exhibited less magnitude of
excursionsin temperature during the day. Thisis perhaps because the top flange, which is connected to the deck slab, acts like mass
concrete delaying and attenuating daily temperature variations during the cooling period. Exactly the opposite effect happens during a
warming period, when the top flange |eads the web and bottom flange in peaking and attai ning higher magnitudes of temperatures.
Figure 6.1 also shows the very gradual changein diaphragm temperatures (masking variations during the day exhibited by
thermocouplesin the girder).

Figure 6.2 shows variationsin girder strain during the same period. Maximum strain excursions of approximately 150 nstr
are observed (Eatherton, 1999). A strain of 150 nstr would create stresses of 750 psi (5.2 MPa) in HPC and 585 psi (4.0 MPa) in
NSC. It should be noted that strains measured from a quasi-static load test using aloaded truck (simulating moments similar to a
MoDOT modified H-20 truck with 10,400 Ib. (4700 kg) on the front axle, 15,480 |b. (7020 kg) for thefirst rear axle and 15, 900 |b
(7210 kg) for the second rear axle, for atotal truck load of 41, 780Ib (19,000 kg)) produced maximum strain excursions of
approximately 23 nstr (for the same short girder 52' (15.8 m) span) as the truck moved across the four-span bridge directly over the
instrumented girders (Eatherton, 1999). A strain of 23 nstr would create stresses of 115 psi (793 kPa) and 90 psi (620 kPa) for HPC
and NSC, respectively. Strains from mechanical |oading were observed to be typically smaller than that due to daily temperature
variations. When recent data of seasonal temperatures over a 3-month period is considered the influence of service temperature offers
better insight into strains developed in the girder during long-term heating and cooling events (Gopal aratnam and Eatherton 2001,
Barrett, 2000).

Figure 6.3 shows awindow where the average daily temperature (location T,) increases during a 3-month period. V1 through V3
represent girder-end strains measured using a vibrating wire strain gage at the cross sectional locationsindicated in the inset. During
this period, compressive strains were observed to devel op (increases in compressive stress magnitudes) in the girders. Figure 6.4
shows the same girder during period of long-term cooling. Tensile stresses develop in the girder (decreasesin compressive stress
magnitudes) dueto the restraint provided by the diaphragm to shortening of the girder. In bridgesthat are constructed during the
summer, when temperatures are near their highest, the girders are likely to have their longest lengths. If, during thistime, the girder-
ends are built into the diaphragm, they will be restrained from shortening during cooling. Thiswill causetensile stressesto developin

the end regions.
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It should be noted that the strains shown in Figures 6.1 through 6.4 are not solely due to temperature variation, but also include

appear to be temperature dominated.

5€

the effects of creep and shrinkage. The correlation between the change in temperature and the change in strain, however, isvery
apparent. When examining a short period of data (several days) the effects of creep and shrinkage are not going to be significant since
the strain rate of creep and shrinkage is several orders of magnitude smaller than that due temperature variation. When examining the
long term data, a portion of the strain measured can be attributed to creep and shrinkage. However, these time-dependant strains are
typically monotonic (particularly creep strain, which alwaysincreases with time). Clearly, the trends observed show decreasing

strains (increasing compression) during Spring, and increasing strains (decreasing compression) during Fall (Figures 6.3, 6.4) which
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Alabama DOT’s Experience with Thermal Gradients. AlabamaDOT had experience with stresses due to
thermd gradients causing ether cracking in the diaphragm or verticd cracking in the bulb-tee girders according
to Conway (1999), a bridge designer for Alabama DOT. They conducted tests and observed that postive
upward deflections were greater than actua downward deflections under design live loads (Alabama
Department of Trangportation, 1994). Inload testing that was done to determine if the vertical cracksin the
girder affected the strength or stiffness of the bridge, it was found that they do not reduce either the strength or
diffness. No differential movements were detected between the two faces of the cracksin their tests. Live load
deflections were reported to be nearly identical for cracked and uncracked bridges (Alabama Department of
Trangportation, 1994) suggesting that vertica girder-end cracks at digphragms may not pose problems with
regard to Structurd performance of such bridges. Information on long-term characteristics of such cracksis

unavailable in published literature to make any significant observations on durability issues rdated to such
cracking.

200 7

35

| Slope |
V1 =-103 V2=-086 V3=-081

-100

N
o
o

.

-300 A

Strain, (me)
Temperature, C

700 . | . . . | . - . |
0 10 20 30 40 | 50 60 70
April May
March 16, 1999 4:00pm Time, (days)
Note: 0F=°C* 1.8 + 32
Figure0.1 StrainsDue To Service Temperaturesduring Period of Increasing Temperature

in Spring

80 90 100



Sequence 9: Cracking in Prestressed |-Girder Bridges Sequence 12: PCI Girder Cracking Phase I1: Causes and Design Detail

100

36

loe | — |
V1 =048 V2=022 V3=0.14 —-V v2 ~Vs ™

-100 -

N
=}
S

w
(=3
o

Strain, (re)

Temperature, C

A
o
=]

T 12

-700

| |
0 10 20 | 30 40 50 | 60 70 80 90 100
August 4, 1999 4:00pm September Time, (d ays)October November

Note: oF=°C* 1.8+ 32

Figure0.2 StrainsDue To Service Temperaturesduring Period of Decreased Temperature
in Fall

design details from other dot’ S and potential performance implications
A brief summary of some dternative designs at bents used in the other states to minimize/prevent girder-
end cracking at the digphragmsislisted in Table 6.1. These options are described in detail in this section.

Alabama. Dueto the mild climate in Alabama, deicing sdts are sddom used on the roadways, nor are
snowplows used. Alabama s solution to the problem of girder and digphragm cracking was thus to return to a
smple span design with open expansion joints on top of the bents (Conway, 1999). The ends of the dab are
armored to prevent impact loads from damaging the ends of the dabs.

Nebraska. According to Barnhill of the Nebraska Department of Roads (NeDOR) (Barnhill, 1999), Nebraska
experiences no problems with bridges made continuous for live load using digphragms. In reviewing the
digphragm detail provided, some important differences were observed between Nebraska' s digphragm design
and that used in Missouri. Details of the digphragm design used in Nebraska are shown in Figure 6.5. The
important differences include:
(1) Anexpansion material is placed along the entire interface between the diaphragm and the bent cap. This expansion material
isasthick as the bearing pad, and thus provides considerable movement capabilities to the diaphragm. This capability may

reduce or eliminate restraining forcesin the diaphragm, which are responsible for the observed cracking. Tadros et a. (1993)
and Maet al. (1998) conducted a study on continuity and the Nebraska NU Type girders and observed that if the diaphragm
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and deck are cast simultaneously, an unbonded joint between the diaphragm and the bent cap is necessary to allow the
diaphragm to rotate and prevent cracking.

A construction joint is allowed to beincluded at two-thirds of the height of the diaphragm. Thisjoint is often included
because contractors in Nebraska prefer to pre-pour the diaphragm. However pre-pouring the entire diaphragm may sacrifice
live load continuity at the slab-diaphragm interface and can lead to cracking of the deck slab. NeDOR, consequently, allows
the diaphragm to be pre-poured only two-thirds of the way. Barnhill (1999) reports that this type of joint detail in the
diaphragm poses no known maintenance issues. It should be noted that Nebraska, like Missouri, uses deicing salts on its
highways and bridges during wintertime.

A third differenceisthat NeDOR recommends sawing off the portion of the top flanges of the girdersthat extend into the
diaphragm. Thisisdoneto primarily facilitate the diaphragm pour since NeDOR uses bulb-tee sections with wide top
flanges. However, this may have an additional effect on the continuity of the bridge at the diaphragm. When the top flanges
are removed within the diaphragm, the bending rigidity of the girdersin the positive bending direction is greatly reduced.
Thiswould reduce the positive moments produced at the bents, and help to minimize/prevent the cracking of the diaphragm

and girders.

Table0.1 Summary of Some Alternate Designs at Bents Used by Other Statesto

Minimize/Prevent Girder-End/Diaphragm Cracking

State Desgn detall comments
- Discontinued use of digphragms
Algbama - Uses open expansion joints over bents
- Doesnot use deicing sats
- Discontinued use of digphragms
Horida - Pour dab continuous with preformed crack over bents
- Doesnot use deicing salts
- Discontinued use of digphragms
Georgia - Pour dab continuous with preformed crack over bents
- Does not use deicing sats
Place bond breaker between sides of girder and digphragm
L eave gap between digphragm and bent cap
- Uses expansion materid to isolate digphragm from bent cap
Nebraska - Placescongruction joint in digphragm a 2/3 height
- Top flanges of girders sawed-off within digphragm

lllinois
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Note (1) polystyrene pad separating diaphragm from bent beam, (2) construction joint at 2/3 of the diaphragm height, and (3) sawed-
off top flange at girder-ends.

Figure0.3 Diaphragm Detailing Used by Nebraska Department Of Roads

llinois. Figure 6.4 shows the digphragm detail used by the Illinois Department of Transportation at expansion
bents. A second detall is used for bentsto which the girders are fixed. Differences between the digphragm
detailing at fixed and expanson bents are discussed later. The design illustrates severd sgnificant aspects that
may help to aleviate stresses created due to girder movement. First isthe use of abond bresker on the Sdes of
the girders. This bond breaker is achieved by bonding roofing fdt to the sides of the girders where they are
embedded in the digphragm. This detall isidentica a fixed bents and expansion bents. Thereisno dlowance
meade for the lengthening of the girders, but the bond breaker would serve to reduce tensile stresses created due
to the shortening of the girders. If the girders were cast during the heat of the summer, thiswould be sufficient,
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asthey are not likely to lengthen further. 1If, however, the girders were placed during cold weether, where
future lengthening is likely, an expanson materid should be placed on the back of the girder to dlow for this

lengthening.

A second significant feature of the Illinois detail isthat a spaceis provided between the diaphragm and the bent cap. Thisspaceis
equal in height to the height of the elastomeric bearing pads. By separating the diaphragm from the bent cap, significant rotational
capability isprovided. Thisservesto relieve stresses dueto liveload and differential thermal heating of the bridge spans. The fixed
bents are handled dlightly differently. Rather than providing an open space between the diaphragm and the bent cap, an expansion
material (preformed joint filler) is used in fixed bents. Thiswould provide for less rotational movement than at the expansion bents,
but more than if the diaphragm is poured directly on the bent cap. Additionally, at fixed bents the diaphragm and girders are

connected to the bent cap with dowels.

Florida and Georgia. Floridaand Georgia Departments of Transportation too have encountered cracking due

to therma gradients, creep and shrinkage in prestressed |- girder bridges made continuous at the bents (Conway,
1999). The solution implemented was to diminate the digphragm, but continue to pour the dab continuoudy
over thewhole bridge. In order to alow for the movement that occurs in the dab with such adesign, acrack is
preformed in the deck over the bents by placing athin layer of expanson materid through the thickness of the
dab. Thisdesign may not be adequate in Missouri, however, due to use of deicing sats and snowplows unlike

in these southern states.
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Other Experience. Miller (2000) at the University of Cincinnati conducted a survey as part of a not-yet-

published NCHRP report of current practice regarding the design and construction of continuous, precast
concrete girder bridges. In this survey, respondents were asked to describe problems that have been
encountered by using digphragms to provide continuity. Of thirty-Six responses, Sixteen reported experiencing
digphragm cracking, six reported girder cracking, and seven observe girder pullout. Illinois was the only
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respondent to report aremedy in the survey. They report that if abond breaker is provided between the
digphragm and the girder sdes, digphragm/girder cracking is diminated. The digphragm detal used by Illinois

was discussed in detal in the previous section.



Sequence 9: Cracking in Prestressed |-Girder Bridges Sequence 12: PCI Girder Cracking Phase I1: Causes and Design Detail

Bridge measur ements
J. Myers, A. Nanni, and D. Stone
This section will outline the measurements taken at two typical bridgesthat utilized simple span PC |-girders made continuous.
Measurements of the thermal gradient of the bridge through the cross section of the deck and girders were taken, as well as surveys of
the elevation of the bridge deck. The objective was to determine the actual thermal gradient experienced at the bridges and to
determine if a measurable deflection occurred due to this gradient.
First, the characteristics of the two bridges are discussed, followed by a description of the measurements that were taken. Then,

the results of the measurements are presented and conclusions are drawn from these results.

Bridges A4565 and A5736
Thefirst bridge, Bridge A4565, islocated in MoDOT District 9, Shannon County, Missouri on County Route A. Bridge
A4565, which was constructed in the fall of 1991, has already exhibited girder end cracking. The 306-foot (93.27-m) long bridge has
five spans and four Type 1l girders per span. The bridge is not skewed and has an average daily traffic count of 3000 vehicles. The
concrete mix design was composed of Type |11 Ash Grove cement, Burlington Limestone coarse aggregate and Missouri River Sand
fine aggregate.
The second bridge, Bridge A5736, islocated in MoDOT District 9, Phelps County, Missouri on State Highway 72. Bridge
A5736 was constructed in thefall of 1997 and has not exhibited any girder cracking to date. The 130-foot (39.62-m) long bridge has
three spans and five Type |1 girders per span. The bridge is skewed 30 degrees and has an average daily traffic of 5000 vehicles. The
concrete mix design was composed of Type | River cement, Little Piney River gravel coarse aggregate and Little Piney River sand
fine aggregate.
measurement methods

The bridge measurements were conducted to determine the thermal gradients of the bridges and the upward deflection, or bowing,
of the bridge decks. During the project, measurements were taken atotal of four times at each bridge. The days and times of the
measurements were selected in order to obtain several different thermal gradients; readings were taken on sunny days and cloudy
days, during the morning hours when the gradient was minimal and in the afternoon when the gradient would be the largest (Hulsey,
1976, pg. 69).

Thethermal gradient through the depth of the bridge was established by measuring the temperature on the top of the bridge deck,
the bottom of the bridge deck, and at various points throughout the depth of the girders themselves. For the top of the bridge deck, a
total of ten readings were taken at random points throughout the area of the bridge deck. The average of these ten values was taken to
be the temperature at the top of the bridge deck. The same procedure was used for the bottom of the bridge deck, with the average of
the ten readings taken as the temperature at the bottom of the bridge deck. For the girders, several readings were taken along the cross
section of the bridge. Figure 0.1is an example of the readings and where they were taken. Because the points were not marked on the
girders, the temperature was not taken at exactly the same point each time the measurements were taken. However, the position of the
measurement was not considered critical. The goal wasto establish the thermal gradient and compare it to the thermal gradient
recommended by AASHTO (1989). Additionally, it may be noted that the measurements that were taken captured the positive
thermal gradient. Measurements were not taken when the top of the deck was at alower temperature than the girders, aswould be
exhibited for the negative gradient. A negative gradient most often occurslate at night or near daybreak when measurements were not

practical for researchers, dueto safety issues and the proximity of the bridgesto UMR.
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Sirder Temperature Measur ements

To determine the amount of upward movement in the deck due to thermal effects, alevel and Philadel phiarod were used to

survey the bridges. While there are more precise means of measurement, as previously stated, the purpose was to seeif measurable

deflections of the bridge decks were taking place under only thermal and dead loads. The surveys were conducted along the length of

the bridge on the | eft side, the right side, and the centerline of the bridge deck; measurements were taken across the bridge at these

three points at each pier line and at each mid-span section. See Figure 7.2 for atypical layout of survey points.

¢

/V @
Pier Lines o
@

Survey Point
/

. Direction of Traffic_ . .
Figure 0.2 Typical Layout of Bridge Survey Points

It was assumed that the bridge decks were fixed at the piers, i.e., there was no vertical movement. The elevation of the bridge

deck was cal culated from the survey measurements under the assumption that the height of the instrument was 100 feet (30.48

meters); the absolute elevations of the points were not necessary, only the relative movements.

results

The results of the bridge measurements are presented in Appendix G. Temperature measurements indicate that athermal gradient

does exist at these two bridges. The differential is generally greatest through the deck, with amuch smaller differential occurring

along the depth of the girders. Referring back to Figure 0.1, for this set of readings the average temperature at the top of the deck was
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119.1°F (48.4°C) and the average temperature at the bottom of the deck was 95.4°F (35.2°C). The temperature differential through
the deck is approximately 24°F (13.3°C). The maximum differential between the average temperature at the bottom of the deck and
the minimum girder temperature is roughly 8°F (4.4°C).

Figures 7.3 and 7.4 exhibit the maximum and minimum temperature profiles as measured at the two bridges. The solid horizontal

line across the graph represents the position of the bottom of the deck. The solid curve illustrates the maximum observed gradient; the

dashed line illustrates the minimum observed gradient.
In Figure 0.3, the maximum and minimum profiles, corresponding to a difference between the temperatures at the top and bottom

of the deck, are 39°F (21.7°C) and 11°F (6.1°C), respectively. For Figure 0.4, these values are 28°F (15.6°C) and 7°F (3.9°C). Again,
these two figuresillustrate the trend of arelatively large gradient through the deck, with a smaller gradient occurring through the depth

of the girders.
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Figure 0.4 Maximum and Minimum Temperature Profiles, Bridge A5736

In order to validate the measured gradient, a comparison of the maximum measured gradient at each bridge was made to the
positive gradient recommended by AASHTO (1989, pg. 4). The AASHTO recommendation for Zone 2, which includes Missouri, and
aplain concrete surface were used. Figures 7.5 and 7.6 compare the maximum thermal gradient measured to the thermal gradient

recommended by AASHTO for Bridges A4565 and A5736, respectively.

Temperature Differential (degreesF)

60

—— AASHTO

— @ — A4565

Note: D1.8°F=D1°C, 1in. = 254 mm
Figure 0.5 Comparison of AASHTO Positive and Bridge A4565 Gradients
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It may be noted that the AASHTO recommended positive gradient is afunction of the depth of the bridge. (Recall Figure
1.7.) For both bridges, there is good correlation between the measured and recommended gradients, although it may be noted in

Figure 0.5 that the AASHTO gradient is slightly unconservative compared to the temperatures measured inthe field.

Temperature Differential (degreesF)

50

—— AASHTO
— # — A5736

Note: D1.8°F=D1°C, 1in. =254 mm
Figure 0.6 Comparison of AASHTO Positive and Bridge A5736 Gradients

At the outset of the project it was unclear whether measurabl e deflections were taking place at the two monitored bridges. As
mentioned previously, the main goal was to determine whether measurabl e deflections were occurring and, if so, the magnitude of
these deflections. Typical plots of the deflections of the bridge decks areillustrated in Figures 7.7 and 7.8.

Figure 0.7 illustrates the deflections along the centerline of Bridge A4565. The elevations of the bridge deck for the
minimum thermal gradient were subtracted from the elevations for the maximum thermal gradient. The difference between the
maximum and the minimum temperature differentials at Bridge A4565 is 28°F (15.6°C). Figure 7.7 illustrates the fact that thereisan

upward deflection for an increase in temperature differential. All deflections are on the order of 0.25 in (6.35 mm) or less.
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Figure 0.8illustrates the defl ections a ong the centerline of Bridge A5736. Again, the elevations of the bridge deck for the
minimum thermal gradient were subtracted from the elevations for the maximum thermal gradient. The difference between the
maximum and the minimum temperature differentials at Bridge A5736is 21°F (11.6°C). Figure 7.8 also illustrates that thereis an

upward deflection for an increase in temperature differential. All deflections are on the order of 0.30 in (7.62 mm) or less.
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discussion of results
Based on the measurements taken during the project, only general conclusions can be made. These conclusions are as follows:
There exists a positive thermal gradient at the two monitored bridges.
Thetemperature differential islargest through the deck, with asmaller differential occurring between the top and bottom
of the girders.
The maximum measured temperature differential through the depth of the bridge deck was 39°F (21.7°C).
The measured thermal gradients are in good agreement with the recommended positive thermal gradients proposed by
AASHTO for the purposes of design.
The bridges are experiencing measurable changes in deflection in the absence of traffic loads.
For an increase in temperature differential, thereis an upward movement, or bowing, of the bridge decks.
These deflections are assumed to have been caused by the measured thermal gradients, due to the absence of traffic or
other external forces.
Based on these conclusions, additional monitoring of these structuresis suggested. A long-term monitoring project would allow
for monitoring of the growth/movement of existing cracks, the development of additional cracks, and ultimately, substantiate whether

the gradients will result in along-term durability problem or structural performance issue.
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Thermal stress calculation
J. Myers, A. Nanni, and D. Stone
In the previous section, it was established that the AASHTO recommended gradient was representative of the thermal gradient

experienced by Missouri bridges. Inorder to establish whether or not this gradient could cause the type of cracking being
investigated, the stresses associated with these gradients must be considered. Due to the complexity and the three-dimensional nature
of the bridges, afinite element analysis (FEA) was undertaken to establish the magnitude of these stresses, acommercially available
software package was used for the FEA. This section will outline some basic theories of thermal stresses, the simplified analyses
performed to validate the modeling of the boundary conditions, and the parametric study that was performed to determine the thermal

stress distributions to be used for design purposes.

basic Theory of thermal stresses
The theory of thermal stressesin elastic materials was studied as early as 1835 by Duhamel, who considered the stresses
caused by temperature changesin the recently devised formulations of elasticity (Boley, 1960, pg. v). More recently, and beginning
with Timoshenko and Goodier’ sTheory of Elasticity in 1951, reference can be made to anumber of texts that outline the calculations
of thermal stresses (Gatewood, 1957; Boley, 1960; Ghali and Favre, 1994).
To begin with the simplest case, the change in length of abeam due to a uniform change in temperature can be easily

calculated asfollows:
DL=a LDT (0.2)

where:

“DL” isthe changein length of the member,

“a” isthe coefficient of thermal expansion,

“L” isthe overall length of the member, and

“DT” isthe uniform change in temperature of the entire member.
If the member is assumed to be homogeneous and isotropic, then the longitudinal thermal stressesinduced in both unrestrained and
fully restrained beams are easily cal culated.

The following conditions assume a cross section and side view of the member as outlined inFigure 0.1. Additionally, the
temperature distribution is one-dimensional, that is, it varied only with depth, “y”. It may also be noted that a positive stress denotes

tension, while a negative stress denotes compression.

b L
— ¢ > T(y)
y y h
* ligurd v|of Re (angular M ember
7 X

First, for the fully restrained condition, the thermal stresses are calculated as follows:

S =-a ET(y) (0.2

fullyrestrained —

where:
71
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“a” isthe coefficient of thermal expansion,

“E" is Young's modulus of the material of the member, and

“T(y)" isthe temperature distribution as afunction of depth, “y”.
Equation 8.2 is Equation 8.1 expressed in terms of stressinstead of changein length. 1t may a so be noted that Equation 8.2 holds true
for any thermal gradient, beit linear or non-linear. For afully restrained member, it is assumed that no rotation or movement is
allowed at the ends of the member. When loaded with auniform, linear or non-linear temperature differential, afully restrained
member should experience stress without experiencing any strain (Gatewood, 1957, pg. 1).

For the unrestrained condition, the thermal stresses can be calculated asfollowsin Equation 8.3.
P + M

bh I ©3)

S unrestraied — ~ @ ET(y) +

where:
h

“P” isthe resultant force of the thermal stresses and can be calculated by the expression, P = g ET(y)bdy,
0

h

“M” isthe resultant moment of the thermal stresses and can be calculated by the expression, M = (g ET(y)bydy, and
0

“1” isthe moment of inertia of the member.
If alinear temperature differential and a rectangular cross section were to be considered, such asinFigure 0.1, the stressed can be

illustrated as follows:

Rectangular P

Cross Section -aET(y) +—

+_M y
bh I

Figure 0.2 Thermal Stressesof an Unrestrained Member

For the unrestrained member, it is assumed that there is absolutely no restraint to the expansion that should occur dueto the
increased temperature. An unrestrained member subjected to a uniform temperature differential should experience axial deformation
without experiencing any stresses. Additionally, if an unrestrained member were subjected to a temperature differential that varies
linearly through the depth, the member would also experience axial deformation and curvature without experiencing any induced
stresses due to the temperature differential. That is, for these temperature differential's, an unrestrained member would experience
strain without experiencing any stress. It may also be noted that an unrestrained member subjected to a non-linear temperature
differential through the depth would experience both stress and strain (Gatewood, 1957, pg. 9). Ghali and Favre (1994) explain the
origin of these stresses by the fact that “any fibre, being attached to other fibres, cannot exhibit free temperature expansion” (pg. 299).

simplified/verification analyses

Initially, aseries of simplified analyses were performed in order to determine the appropriate FEA procedures to model the most
common boundary conditions of an unrestrained member or afully restrained member. These simplified cases were also used to
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verify the results calculated by the FEA software. The exact solution was compared to the results of the FEA to insure that the
analyses were being performed properly.
Two simplified cross sections were selected for these analyses. The square and double-t cross sections were chosen for

simplicity and are shown in Figure 8.3. 1t may be noted that the cross-sectional area of these two sectionsis the same.

12 < 30 >
6 |1 T
12, 121
g
ote 1in. = 254-m L

Figure 0.3 Cross Section Dimensions of the Smplified Sections

For thefirst set of verification analyses, the temperature differentials were arbitrarily selected. It should be noted that neither
of the arbitrary temperature differential s represents conditions that exist in this project. Table 0.1 contains the conditions tested for the
first set of verification analyses.

Both uniform and linear temperature differentials were applied to unrestrained and fully restrained square membersin an
attempt to obtain the theoretical results described previously. Various parameters of the analyses were modified until there was good
agreement between the results from the FEA and the theories of thermal stresses. Again, thiswould assure that the boundary

conditions were model ed properly.

Table 0.1 Smplified Model Parameters

Boundary Conditions Cross Sections Temperature Differentials
Unrestrained Square Uniform (+20°F)
Fully Restrained Double-T Linear (+10°F to -10°F)

Note: D1.8°F=D1°C

A summary of the analysis resultsisillustrated in Table 0.2. It may be noted that not al combinations of the parametersin
Table 0.1 were modeled. It may also be noted that the stresses reported for cases D and F are those at 1.5 inches (38.1 mm) from the
bottom of the cross section; they will be less than the maximum stress occurring at the bottom of the cross section. Additionally, the

stressesin cases C and E are constant throughout the cross section, as are the strainsin case A.

Table 0.2 Summary of FEM Results

Case Boundary Thermal
Conditions Gradient

7c

Cross Section Stress (psi) Strain
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A . Uniform 0 1.20E-04
Unrestrained -
B Square Linear 0 1.20E-04
C ) Uniform -600 0
Fully Restrained -
D Linear 304.7 0
E ) Uniform -600 0
Double-T Fully Restrained -
F Linear 3117 0

Note: 1 ps = 6.89 kPa

A comparison of the results presented in Table 0.2 yields a verification of the magnitudes of the stresses and/or strains
developed in the members. Again, it may be noted that a positive stress value denotes tension, while a negative stress val ue denotes
compression. Cases A and B, the unrestrained cases, exhibit strain without stresses, while the other cases, C through F, exhibit the
opposite condition of stress without strain. These results are consistent with the elastic theory presented previously. Additionally, the
magnitude of the stresses developed in cases C and E are the same, as are the magnitudes of the stresses developed in cases D and F.
Thisisdueto the fact that the boundary conditions and thermal gradients are the same and that the areas of the cross sections are
equal. Thethermal stresses developed are equal to those calculated by elastic theory, aswell. Thisfirst set of verification dataleads
to the conclusion that the boundary conditions are modeled correctly because the stresses and strains cal culated are consistent with
those cal culated using elastic theory.

For the second set of analyses, the AASHTO recommended positive and negative gradients were applied to the square cross
section. Although AASHTO suggests that the gradients only be applied to structures having a depth of two feet or greater (1989, pg.
4), they were used in this case only for the purposes of verification. Again, the AASHTO recommended gradients for Zone 2 and a
plain concrete surface were selected. The AASHTO temperature differentials applied to the square cross section are illustrated in
Figure 8.4.

12 =
ol 7
10
9 -
8 - v
Distancefrom 7 /
thr:—:' bOttorS of & / —— Positive Gradient
the r(?r?;] & g :'. 7 -- & - - Negative Gradient
4
3 : /
2 i
) /
5 d .
-25 0 25 50
Temperature (degreesF)

Note: D1.8°F=D1°C, 1in. = 254 ypm
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Figure0.4 AASHTO Gradients, as Applied to the Square Cross Section

Again, the exact solution was compared to the solution provided by the FEA; the analysis performed was for an unrestrained
member. The exact solutions were provided by elastic theory and are outlined in Appendix H. The FEA was performed using three-
dimensional twenty-node quadratic elements. Both the positive gradient and the negative gradient were analyzed separately; each was

model ed using two different element configurations. The two element configurations areillustrated in Figures 8.5 and 8.6.

Figure 0.5 Element Configuration #1

Figure 0.6 Element Configuration #2

Thefirst element configuration, Figure 8.5, used 4-in. x 4-in. x 4-in. (101.6-mm x 101.6-mm x 101.6-mm) elements
throughout the 12-in. x 12-in. x 60-in. (304.8-mm x 304.8-mm x 1524-mm) member. Thisyieldsatotal number of elements of 135.
The second element configuration, Figure 8.6, used 2-in. X 2-in. X 4-in. (50.8-mm x 50.8-mm x 101.6-mm) elements, yielding atotal
number of elements of 540. Two different element configurations were modeled in this simple cross section in order to establish the
relative number of elements that would be required to assure areasonable level of accuracy in the final FEM model, which
approximated a portion of the cross section of the bridges.

Plots of the results are exhibited in Figures 8.7 and 8.8, where they are compared to the results given by the FEA. Figure 8.7
illustrates the results of the positive AASHTO gradient; Figure 8.8 illustrates the results of the AASHTO negative gradient. Again
note that a negative stress denotes compression, while a positive stress denotes tension.
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Note: 1 ps =6.89 kPa, 1in. = 254 mm

Figure 0.7 Thermal Stresses|Induced by the AASHTO Positive Gradient,
on a Simplified Square Cross Section at Midspan

In general, the more elements that are used to approximate amember, the better the approximation will be; that is, the more
closely the approximate solution provided by the FEA will match with the exact solution. Theoretically, if an infinite number of
elements were used to approximate the member, the FEA solution would be identical to the exact solution. Theincreased accuracy of
the 540-element model over the 135-element model isillustrated in Figures 8.7 and 8.8. The results of the FEM model yield
confidence that the model is correct and could give the exact solution if enough elements were used. The second set of verification
analyses again validate the magnitude of the stresses cal cul ated, via comparison with elastic analysis, and illustrate the tendency of the

FEM solution toward the numerical solution with an increased number of elements.

7€
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Figure 0.8 Thermal StressesInduced by the AASHTO Negative Gradient,
on a Simplified Square Cross Section at Midspan

For the third set of verification analyses, it was desired to illustrate that alinear thermal gradient applied to an unrestrained

member will yield no stress while anon-linear gradient, such asthose outlined in Figures 8.7 and 8.8, will induce stresses. The

positive AASTHO gradient was used, varying the temperature at the 8-in. (203-mm) location from the current value to a value that

would give alinear thermal gradient. See Figure 8.9.



Sequence 9: Cracking in Prestressed |-Girder Bridges

Sequence 12: PCI Girder Cracking Phase I1: Causes and Design Detail

12
7,
” //—
10 A
9 - -
8 y - - &
Distance from 5 // // i
the bottom of / -
6 = . .
the member 5 / )/ —— AASHTO Positive Gradient
i / .o
(in) 4 // // — @ — |ntermediate Gradient
3 / //," -+« - - Linear Gradient
2 //
1 4/
/)
04 .
0 25 50
Temperature (degreesF)

Note 1in. =254 mm, D1.8°F=D1°C
Figure0.9 Linear and Non-linear Thermal Gradients
For each of these three thermal gradients, the thermal stresses were calculated using the 540-element FEA of the unrestrained
square member. Thevalues areillustrated in Figure 0.10 and illustrate that as the thermal gradient progressed from the AASHTO

gradient toward alinear thermal gradient the stresses decreased in magnitude; the stresses in the case of the linear thermal gradient are

zero throughout the depth of the member.
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Figure0.10 Thermal Stressesfor Linear and Non-linear Thermal Gradients, as Applied to an
Unrestrained M ember

Parametric studY
After successful development and validation of the FEA, a parametric study was undertaken. The

parametric study was performed to examine the effects of span length, girder typefarea, and girder spacing on
the thermal stresses of fully restrained and unrestrained members. The parametric study examined the stresses
induced by the AASHTO positive and negative gradients and the subsequent forces/stresses developed. The
concept of the effective flange width was used as based on AASHTO (1996). Based on the simplification of the

cross-section via use of the effective flange width, the analyses were performed using the exact solution.

Effective Flange Width. The effective flange width for agirder depends upon whether the girder is an interior
girder or an exterior girder. Theinterior effective flange width considered is a function of four variables, span
length, web thickness, dab thickness, and girder spacing. The exterior effective flange width consdered isa
function of the cantilever length at the exterior of the bridge and the interior effective flange width. See Figure
0.11 for arepresentative detall of the respective effective flange widths.

Equations 8.4 through 8.6 outline the cdculation of the interior effective flange width.
% xSpan length

Web thickness + 2: (6: Sab thickness)

7¢
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Girder spacing

where:

Span length is the distance from one pier line to the next,

Web thickness is the width of the web of the girder,

Slab thicknessis the total thickness of the deck dab', and

Girder Spacing is the center to center distance between girders.
Theinterior effective flange width is the smdlest of three vaues calculated.

The exterior effective flange width can be caculated by Equation 8.7, but can not be larger than the
interior effective flange width.

Cantilever length+ % xInterior effectivedeck width (0.7)

The exterior effective flange width shdl be the smdler of the vaue cdculated from Equation 8.7 and the
interior effective flange width.

Exterior Effective Interior
‘\ Width Effective Width
| <

L, |
; » : q]
Canilever | ! s(s;:?: !
Length LL g |
[} [}
I I

Figure 0.11 Effective Flange Width Detail

It may be noted that the interior effective width was used for the purposes of this study, due to the following reasons:

- The effective width of theinterior girder is equal to or greater than that of the exterior girder in all cases. The use of the

larger width is conservative.

- Thisisalso consistent with current MoDOT design procedure where the exterior girders are typically designed the same as

the interior girders to accommodate future bridge widening.

All references to effective flange width henceforth will refer to the interior effective flange width.

Study Parameters. Table 0.3 outlines the parameters that were modeled in the parametric study and the values

that they assumed. For each of thefive girder types, three different span lengths and three different girder

1 MoDOT uses an effective deck thicknessinstead of the total slab thickness, which is calculated as the total slab thickness minus a 1-
in. (25.4-mm) wearing surface.
8(

(0.6)
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gpacing vaues were consdered. These conditions were sdlected with the intention that a mgority of MoDOT |-
girder bridges would be covered with the parametric study. Both the AASHTO positive and negative gradients
were gpplied in each case. Additiondly, the boundary conditions of the models were considered as both
unrestrained or fully restrained.

The actud boundary conditions & the pier cap/digphragm interface for the typical continuous bridge will
be somewhere in between fully restrained and unrestrained. Two approaches were considered for the
determination of adesign stress digtribution due to thermal effects. First, adegree of fixity for the modding
could have been sdlected based on arecommendation for fixity of bridges within the State. However, this
would have been impractical due to the Sgnificant variation in bridge geometries throughout the State. Or,
secondly, and more practical, amore conservative approach could have been taken where both the restrained
and unrestrained models were examined. The second option was used for the parametric study, whereby both
fully restrained and unrestrained models would be examined, due to the conservetive nature of the thermal
dress didtribution yiel ded.

Table 0.3 Parametric Study Parametersand Values

Span Length
Girder 30 40 50 60 70 80 90 100 110
Type
Typell 7-9 7-9 7-9
8-4 8-4 8-4
9-6 9-6 9-6
Typelll 7-9 7-9 7-9
8-4 8-4 8-4
9-6 9-6 9-6
TypelV 7-9 7-9 7-9
8-4 8-4 8-4
9-6 9-6 9-6
Type VI 7-9 7-9 7-9
8-4 8-4 8-4
9-6 9-6 9-6
TypeVII 7-9 7-9 7-9
8-4 8-4 8-4
9-6 9-6 9-6

Note: 12 in. = 1 ft.,, 1 ft. =0.3048 m
The five girder types vary in Size, and therefore, have varying aress, centers of gravity, and moments of
inertia, asoutlined in Table 0.4. Additionaly, each of the five girder typesisillustrated in Figures 8.12 through
8.16.
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Additional parameters necessary for the thermal stress calculations were the coefficient of thermal expansion and strength of
the concrete. According to Mindess and Y oung (1981), the coefficient of thermal expansion for concrete can range from
approximately 4.5x10°°/9F (8.1x10°/°C) to 11.0x10°°/°F (19.8x10°°/°C). For the purposes of this study, the coefficient of thermal
expansion was assumed to be 6.0x10°® /°F (10.8x10° /°C), which is the coefficient of thermal expansion recommended by AASHTO
(1998). The concrete strength of the deck was assumed to be 4000 psi (27.56 MPa), while the concrete strength of the girder was
assumed to be 5000 psi (34.45 MPa). These values for concrete strength were chosen based on current MoDOT design procedures.

Table 0.4 Girder Properties

Girder Type Area (in%) Yy, (i) | (in%)
T 3109 14.08 33974
1T 3819 17.08 61,841
N 4289 1954 92,450
VI 643.6 25.92 235,735
VI 787.4 3758 571,047

Note 12in.=1ft., 1 ft. =0.3048 m

<&, 13"

F|gure0 12 Cross Section of Girder Typell
Note: 12 in. = 1 ft., 1 ft. = 0.3048 m
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Figure 0.13 Cross Section of Girder Typelll

Figure 0.14 Cross Section of Girder TypelV

Figure 0.15 Cross Section of Girder Type VI
Note: 12 in. = 1ft, 1ft. =0.3048 m

42"

I« S
]
==
6, |o 725"

26"

Figure 0.16 Cross Section of Girder Type VI
Note: 12 in. = 1 ft., 1 ft. = 0.3048 m
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Additionally, it isimportant to note that the thermal stresses developed will not be afunction of span length. Recall, from
Equations 8.2 and 8.3 that the length of the member does not enter into the calculation of the thermal stressesfor either the fully
restrained or the unrestrained conditions. This fact decreases the parameters of the study to girder type and girder spacing. Although
span length could potentially influence the interior effective flange width, see Equation 8.4, this value will only determine the actual

effective flange width when the span length isrelatively short.
Thefirs step of the parametric study was to determine the effective flange width for each of the span

length-girder spacing combinations. The effective flange width values are illustrated in Tables 8.5 through 8.9,
with each table outlining the values for one of the girder types.

Table 0.5 Effective Flange Width Valuesfor Typell Girder

Span Girder Effective
Length Spacing Flange Width
7-9
30 8-4" 90"
9-6"
7-9 93"
40 8-4" 100"
9-6 108"
7-9 93"
50 8-4" 100"
9-6 108"

Note: 12 in. =1 ft., 1 ft. =0.3048 m

Table 0.6 Effective Flange Width Valuesfor Typelll Girder

Span Girder Effective
Length Spacing Flange Width
7-9 93"
40 8-4" 100"
9-6" 108"
7-9 93"
50 8-4" 100"
9-6" 108"
7-9 93"
60’ 8-4" 100"
9-6" 108"

Note: 12 in. = 1 ft., 1 ft. = 0.3048 m
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Table 0.7 Effective Flange Width Valuesfor TypelV Girder

Span Girder Effective
Length Spacing Flange Width
7-9 93"
50 8-4" 100"
9-6 108"
7-9 93"
60’ 8-4" 100"
9-6" 108"
7-9 93"
70 8-4" 100"
9-6 108"

Note 12 in. = 1 ft., 1 ft. = 0.3048 m

Table 0.8 Effective Flange Width Valuesfor Type VI Girder

Span Girder Effective
Length Spacing Flange Width
7-9 93"
60’ 8-4" 100"
9-6" 108.5”
7-9” 93"
70 8-4" 100"
9-6" 108.5”
7-9 93"
80’ 8-4" 100"
9-6" 108.5”

Note 12in. = 1ft., 1 ft. = 0.3048 m

Table 0.9 Effective Flange Width Valuesfor Type VII Girder

Span Girder Effective
Length Spacing Flange Width
7-9 93"
) 8-4" 100"
9-6 108"
7-9 93"
100 8-4" 100"
9-6 108"
7-9 93"
110 8-4" 100"
9-6 108"

8t
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Note 12 in. = 1 ft., 1 ft. = 0.3048 m

Once the effective flange width values were determined, the thermad gradients for each girder type were
cadculated. Asmentioned previoudy, the therma gradients are a function of the depth of the member.
Therefore, the gradient considered is different for each girder type.

Having determined the geometry of the girders, including the effective flange width, and the thermal
gradients to be applied, the therma stresses for each condition were calculated. Recdll that, for each girder,
four therma stress distributions were caculated based on the possible combinations of the two boundary
conditions with the two thermd gradients.

Results and Discussion. Theresults of the therma stress caculations for the fixed boundary conditions are
identica for al effective flange widths consdered. Thisis due to the fact that the geometric parameters of the
girders are not considered in the calculations. (See Equation 8.2.) Figures 8.17 and 8.18 illugtrate the thermal

stresses for each of the five girder typesin afully restrained condition for the postive and negative therma
gradients, respectively.

Conversdly, the resullts for the unrestrained condition are not identica for the various effective flange
width values. However, dueto the rdatively smdl range of effective flange width vaues, the results are, for dll
practicad purposes, the same. Figures 8.19 and 8.20 illustrate the therma stressesfor an Type |l girder inan
unrestrained condition and 90 in. (2.29 m.) and 93 in. (2.36 m.) effective flange width vaues. Figure 8.19
illugtrates the results for the positive thermd gradient; Figure 8.20 illugtrates the results for the negative therma
gradient.

8¢
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girder type was andyzed using an effective flange width of 93 inches (2.36 meters). Figures 8.21 and 8.22
illugtrate the thermal stresses for each of the five girder types for the unrestrained condition for the postive and
negative thermd gradients, respectively. Additiondly, Figures 8.23 through 8.27 illudtrate the results for both
the positive and negative gradients, and both boundary conditions, by girder type.
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Figure 0.21 Thermal Stresses—Unrestrained — Postive Gradient
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Examination of the results indicates that for the conditions modded the following was true:

With respect to the maximum tensile stresses devel oped,

the thermal stresses for the positive gradient were greater for the unrestrained condition than for the fully

restrained condition, and

the thermal stressesfor the negative gradient were greater for the fully restrained condition than for the

unrestrained condition.
With respect to the maximum compressive stresses devel oped,

the thermal stresses for the positive gradient were greater for the fully restrained condition than for the

unrestrained condition, and

the thermal stresses developed for the negative gradient were greater for the unrestrained condition than for the

fully restrained condition.

Additionally, it isimportant to note the relatively large magnitude of the stresses developed due exclusively to thermal effects, with
stresses ranging from approximately 1000 psi (6.89 MPa) in compression to approximately 500 psi (3.45 MPa) in tension.

Sengitivity. The overdl sengtivity of the results of the parametric study was examined with respect to the
concrete srength and effective flange width. The sensitivity with respect to the effective flange width was
examined in Section 8.3.3. It iswiddy accepted that the actua strength of concrete will exceed the design
grength. Thisis due to anumber of reasons, including additiona strength gain over time due to hydration of
cementitious materias and the overdesign strength of the mix design by the concrete producer to ensure design
drengths are met. To assure that the accuracy of the results would not be compromised due to a potentia
difference in concrete strength, the sensitivity of the parametric sudy results to concrete strength was examined.

The parametric study was conducted using the MoDOT concrete design strength requirements of 4000 psi (27.56 MPa) for the
deck and 5000 psi (34.45 MPa) for the girders. A second analysis was performed using a 5000-psi (34.45-MPa) concrete strength for
the deck and a 7000-psi (48.23-MPa) concrete strength for the girders. This analysis was performed on the Type Il girder with fixed
boundary conditions for both the positive and negative gradients. The sensitivity of the results was assessed by comparing these two
sets of results. Figure 8.28 compares the thermal stresses for the positive gradient and the restrained condition. Figure 8.29 compares

the thermal stresses for the negative gradient and the restrained condition.
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The difference in thermal stressesfor the two casesis as much as ten percent and, therefore, too large to assume that the
results are equal. However, the main issue that is being investigated in this study is the development of cracksin the girders. Since
the modulus of rupture of the concrete is empirically proportional to the concrete strength, it is higher in the case of ahigher strength
concrete and lower in the case of alower strength concrete. The modulus of rupture of the concrete was cal culated as approximately
474 psi (3.27 MPa), 530 psi (3.65 MPa), and 627 psi (4.32 MPa) for the 4000-psi (27.56 MPa), 5000-psi (34.45 MPa) and 7000-psi
(48.23 MPa) concrete strengths, respectively.
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Figure 0.29 Sensitivity of Thermal Stresses— Negative Gradient

Simplfied mathematical approach

While the calculation of the therma stresses for the restrained condition are smple in nature, the

cdculations for the unrestrained condition are more complex. In order to develop a smplified mathematica
gpproach to the calculation of thermal stress for the unrestrained condition, a relationship was establish whereby

the resultant force and the resultant moment could be more easily calculated, without compromising the

accuracy of the analysis. This gpproach was taken in order for the thermal stresses to be easily determined by

the practicing engineer.

By examining the vdues for “P’ and “M” cdculated by the exact solution, a series of amplified equations
could be developed. These equations are a function of girder type and effective flange width (EFW). Table
8.10 summarizes these relaionships. It may be noted that the average error of the force and moment

approximations was on the order of 0.2% and 0.9%, respectively.

Table 0.10 Smplified Equationsfor P and M

Positive Gradient Negative Gradient
Beam Type P M P M
1 3680* EFW -25570*EFW -2030* EFW 7825 EFW
" 3710*EFW -33080* EFW -2055* EFW 10240* EFW
\% 3710*EFW -40115*EFW -2075* EFW 12425 EFW
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\4 3710*EFW -54830* EFW -2075* EFW 18980* EFW
Vil 3950* EFW -72925*EFW -2305* EFW 19580* EFW

Note: 1 ps =6.89 kPa, 1 in. = 254 mm

Using the values outlined in Table 8.10, Figures 8.30 and 8.31 were generated. Recall Equation 8.3 in which the resultant force

and resultant moment are used to calculate the thermal stresses induced in an unrestrained member.

S unrestraied — ~ & ET(y) +£+M

bh |1

Figures 8.30 and 8.31 compare the results obtained using the simplified method to the results obtained by the exact solution, for each
girder type, for the positive and negative thermal gradients, respectively. Inthese two figures, the solid lines represent the exact

solution and the data points represent the simplified solution.

90

(00}
o

60 mw |
50 S

40 “’\‘—0\—0\‘_
30

20 ¢ Simplified Solution

—— Exact Solution
i I p o L= | I
-600 -400 -200 0 200 - 1

Stress (psi)
Note: 1 ps =6.89 kPa, 1 in. = 254 mm
Figure 0.30 Comparison of Resultsfor the Positive Gradient

10

Distance from Bottom of Member (in.)

9€



Sequence 9: Cracking in Prestressed |-Girder Bridges Sequence 12: PCI Girder Cracking Phase I1: Causes and Design Detail

~N 0 O
o O O

4+ ++ b F

a N
o o
| +

Distance from Bottom of Member (in.

40
30
20 ¢ Simplified Solution
— Exact Solution
10
0 T T T
-600 -400 -200 0 200 400 600

Stress (psi)
Note: 1 ps =6.89 kPa, 1 in. = 254 mm
Figure 0.31 Comparison of Resultsfor the Negative Gradient

The simplified solution results match the exact solution within approximately one percent. The high degree of accuracy exhibited
by the simplified solution indicates that this method would be suitable for usein calculation of thermal stresses for the conditions
modeled.

discussion of results
The authors recommend that thermal stresses should be considered in the design of concrete bridges in the State of Missouri. In
support of this recommendationis AASHTO (1989, pg. 1), which states, “All concrete bridges should be designed for temperature
effects resulting from time-dependent fluctuations in the effective bridge temperature. Both longitudinal and transverse stresses and
movements resulting from the positive and negative vertical temperature gradients...shall be considered for service stability crack
control.”
Based on the analyses outlined herein, there are three possible recommendations that could be madeto MoDOT in order to
facilitate the calculation of such thermal stresses.
First, the exact solution could be used to calculate the thermal stresses. This could be accomplished with the use of a
commercially available mathematical program. This method would provide the highest level of accuracy, but it would
al so be the most time consuming for the practicing engineer. However, since the analysis has already been performed by
UMR, it could be possible to furnish the necessary filesto MoDOT for their use.
Second, the simplified solution results could be used. The high degree of accuracy of this solution and the more “ user-
friendly” format for calculating the P and M are quite desirable.
Third, the figures provided could be used to obtain the thermal stress at a particular depth of the member. This method

would be the least accurate, due to the possibility of human error in the reading of the figures.
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Based on the high degree of accuracy and ease of use of the simplified solution the authors recommend that MoDOT usethis
methodology for calculating the thermal stress distribution to be incorporated in to the design of its concrete bridges.

Having recommended that MoDOT incorporate these thermal stresses into their current design procedure, a design example was
performed to illustrate the incorporation of the thermal stresses. The design example analysis took into account all dead and live
loads, in addition to prestresslosses, asis current MoDOT design procedure. The thermal stress distribution calculated by the
simplified solution was also considered in the analysis procedure. The bridge used in the design example was Bridge A4565, which is
the cracked bridge that was selected for monitoring purposesin Section 7. Inthisway, the design example would determine whether
the additional consideration of the thermal stresses would indicate that the bridge would crack. 1t may be noted that, for the design
example considered, the thermal stresses are approximately 0.3 to 1.3 times the stresses due to dead load, live load and prestressing.

See Appendix | for the design example cal culations and discussion.
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conclusons
Conclusions drawn based on each research task undertaken are outlined in this section. Possible causesfor cracking in the ends

of the girders and of the diaphragm in continuous, composite, prestressed |-girder bridges were studied. Each cause was specific to
the type of cracking observed: cracksin adirection perpendicular to shear cracks, vertical cracks, and crackstypical of shear stress
induced cracking. Each type of crack was analyzed to determine the underlying causes and, wherever relevant, the associated stress

levels and directions of principal stresses.

database analysis

Theresults of the statistical analysis can be summarized as follows:
There seems to be two populations of datawithin the database, those inspected by the snooper truck and those inspected
from ground level.
There aremore PC |-girder bridgesin Missouri that are cracked than previously expected or reported.
The cracked status of a bridge can be predicted with approximately 77 percent accuracy using the proposed model,
which isafunction of the shear reinforcement spacing near the center of the girder, girder area, span length, aggregate
type, and route type.
Chert aggregate use increases the probability of cracking for those bridges, as cal culated by the proposed model. The
chert aggregate is used in the deck concrete of some bridges in southern Missouri.
Interstate highway bridges have alower probability of cracking, compared to non-interstate highway bridges, as
calculated by the proposed model.
For agiven girder area, longer span lengths will decrease the probability of cracking given by the proposed model.

early-age behavior of prestressed concrete girders
Early-age cracking due to heat of hydration and steam curing was studied using afinite element procedure and amodified version

of the Gergely - Sozen model (1967) was used to compute principal tensile stress at the girder-ends. The results of these analyses
were asfollows:
Residual principal tensile stresses in the web region during curing were found to be 5% to 25% of typical modulus of
rupture values.
It was found that maximum vertical end stresses due to stress transfer could be in excess of 50% of the modulus of
rupture.
It is possible that a combination of these two things could result in girder-end cracking.
Such cracks are essentialy in the web and along the axis of the girder (horizontal cracks). Horizontal cracks are
typically located near the junction of the bottom flange and the web. Diagonal cracks originating from the top flange and
progressing down into the web (direction perpendicular to typical shear cracks) can also result from early-age loading on
the girders.
diaphragm detailing
The effects of continuity on cracking in girders and digphragms were studied. Based on anadlysis of in
service temperature data and alimited survey of other states digphragm details the conclusions were made:

Verticd cracksin girders near the end, spaling of digphragms and girders pulling out of digphragms
were attributed to service temperature loading and continuity detailing used. Similar cracking in the
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past has as0 been attributed to creep and shrinkage of concrete (effect Smilar to service temperature

loading when girders are restrained at the digphragm).

A survey of digphragm detailing from severa other states Departments of Transportation was

Sudied and potentia solutions used by them were reviewed. Oneisto diminate the digphragm

dtogether, providing ether no continuity, or continuity only with the dab. These options would not

work for Missouri, where deicing sdts are routingly used in the winter. Thiswould lead to many

new maintenance problems associated with chloride penetration and corrosion. Other options

involve providing restraint-free movement of the girders or digphragm so that cracking does not

occur.

Severd options smilar to those used by Nebraska may be considered, including:

(1) provide an unbonded joint between the digphragm and the bent beam so that the digphragm may
move more fredly,

(2) dlow for acongruction joint in mid-heght in the digphragm, and

(3) provide abond bresker on the sides of the girders so that they may dide fredy in and out of the
digphragm.

diagonal shear cracking

Elastic shear stresses were studied to predict cracking, and an ultimate strength analysis was conducted to evaluate the structural

integrity of girderswith shear cracksin light of the diagonal cracks observed. The following conclusions were made:

It was found using an elastic stress analysis that principal tensile stresses are only slightly smaller than the direct tensile
strength of concrete. When the reduced tensile capacity resulting from residual stressesis considered, shear cracking can
be expected to occur.

It was found that the amount of shear reinforcement provided per MoDOT procedures is conservative compared to both
AASHTO (1996) and ACI (1995) recommendations, and hence diagonal shear cracking is of no significant structural

concern. However, this does not address the durability issues that arise when girders are cracked.

bridge measurements

Based on the bridge measurements taken during the project, only general conclusions can be made. These conclusions are as

follows:

There exists a positive thermal gradient at the two monitored bridges.

Thetemperature differential islargest through the deck, with asmaller differential occurring between the top and bottom
of the girders.

The maximum measured temperature differential through the depth of the bridge deck was 39°F (21.7°C).

The measured thermal gradients are in good agreement with the recommended positive thermal gradients proposed by
AASHTO for the purposes of design.

The bridges are experiencing measurable changes in deflection in the absence of traffic loads.

For an increase in temperature differential, thereis an upward movement, or bowing, of the bridge decks.
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These deflections are assumed to have been caused by the measured thermal gradients, due to the absence of traffic or

other external forces.

thermal stress analyses
With respect to the thermal stress calculations, the following conclusions can be drawn;

Thermal stresses of relatively large magnitude are devel oped due exclusively to thermal effects, with stresses ranging
from approximately 1000 psi (6.89 MPa) in compression to approximately 500 psi (3.45 MPa) in tension. The thermal
stresses are on the order of 0.3 to 1.3 times the stress due to dead and live load (asillustrated in the design example).

A simplified approach for calculation of thermal stresses was devel oped and proven to be an accurate alternative to the

exact solution for the cases examined.
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recommendations

Design implementation recommendations
Potential means of addressing the issue of girder end cracking are threefold. First, the cracking of the girder end could be

potentially eliminated in future construction via inclusion of thermal stressesin the concrete bridge design procedure. Secondly, a
modification to the support detail could be implemented in future construction. Third, the structural performance of the existing
members could be enhanced through the use of external strengthening if long-term monitoring indicates deterioration that could

impact structural safety and/or reliability.

Thermal Stressesin Design. The authors recommend that therma stresses should be considered in the design

of concrete bridgesin the State of Missouri. In support of this recommendation is AASHTO (1989, pg. 1),
which gates, “All concrete bridges should be designed for temperature effects resulting from time-dependent
fluctuations in the effective bridge temperature. Both longitudinal and transverse stresses and movements
resulting from the positive and negative vertical temperature gradients. ..shdl be considered for service gability
crack control.”

Based on the analyses outlined herein, there are three possible recommendations that could be made to MoDOT in order to

facilitate the calculation of such thermal stresses.
First, the exact solution could be used to calculate the thermal stresses. This could be accomplished with the use of a
commercially available mathematical program. This method would provide the highest level of accuracy, but it would
a so be the most time consuming for the practicing engineer. However, since the analysis has already been performed by
UMR, it could be possible to furnish the necessary filesto MoDOT for their use.
Second, the simplified solution results could be used. The high degree of accuracy of this solution and the more “ user-
friendly” format for calculating the P and M are quite desirable.
Third, the figures provided could be used to obtain the thermal stress at a particular depth of the member. This method
would be the least accurate, due to the possibility of human error in the reading of the figures.

Based on the high degree of accuracy and ease of use of the simplified solution the authors recommend that MoDOT use this

methodology for calculating the thermal stress distribution to be incorporated in to the design of its concrete bridges.

Alternate Support Details. Inthefirst case, the detall at the girder supports could be modified to diminate the
thermal stressesthat are induced due to the current continuity detail. Three potentid detail modifications are
outlined herein.

One method would be to eliminate the cast-in-place diaphragm. An alternative to the cast-in-place diaphragm is simple span

girders constructed with a continuous deck. (See Figure 10.1) Inthisway, acertain degree of continuity would still exist for negative
moment over the piers. Additionally, the girders would be allowed a small degree of displacement/rotation at the end, due to the
presence of the bearing pad, which would accommodate the devel opment of the thermal stresses and relative movementsin the bridge.
It may be noted that the deck can be cast-in-place reinforced concrete or cast-in-place reinforced concrete with precast/prestressed
panels. Thisdetail, with the use of precast/prestressed panels, is used widely in the State of Texas, and has performed well with
respect to the elimination of girder cracking. The possible drawback to this detail would be the development of shrinkage-related
cracks at the top of the deck. Thereisatendency for these shrinkage-related cracks to occur near the bent, due to a significant change
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in stiffness at the transition from the girder to the bent cap. (Myers, 1999) It should be commented that these potential cracks would
be no more severe or common than the level of deck cracking already typically observed by the authorsin Missouri bridge decks.

Thisdetail would aso avoid cracking in the primary load-resisting components, i.e. the girders.

Areaof Potential Cracking

vy

Deck (Cast-l n-Place Deck or CIP deck with Precast Prestr essed Panels

I-girder I-girder

Bearing Pad Bent Cap

Figure 0.1 Simple Span Girderswith Continuous Deck

Another design that conceptually addresses the potential of girder-end cracking isto isolate the continuity of the girder from
the diaphragm. A construction joint or bond breaker could be placed on either side of the girder to allow displacement/rotation due to
thermal stresses. Thejoint could be provided by either conducting atwo-stage concrete pour or by providing a bond breaker to isolate
the continuity of the girder from the diaphragm. An experimental research program would need to validate this detail and investigate

the potential for deck cracking.

Jointsto isolate
girder continuity

Bearing Pad

Figure [acement to Isolate Girder Continuity

A third method to modify the existing detail to avoid girder-end cracking would be the use of end blocks on the I-girders. While
the use of end blocks are generally reserved for post-tensioning application where the stresses in the tendon anchorage zone are very
high, they could be a potential solution to the cracking that is occurring at the girder ends. By increasing the area of the girder cross
section at the end of the girder, the stressin this region could be effectively decreased. The limitation of this detail would be the fact
that it would require the precast industry currently fabricating members for Missouri bridges to retool their forms to accommodate the
end block.
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The use of abond breaker on the sides of the girders where embedded in the diaphragm would help to reduce the stresses created
dueto axial lengthening and shortening of the girders caused by seasonal temperature variations. Thisdetail isused by Illinoisand is
shown in Figure 6.6.

Another possible method to isolate the girder movements caused by daily temperature variations using either an open space or an
expansion material to isolate the diaphragm from the bent cap. Thisdetail is used by both Illinois (open space or expansion material,
Figure 6.6) and Nebraska (expansion material only, Figure 6.5). By isolating the diaphragm from the bent cap, rotational strains

caused by daily temperature variations will not produce significant stresses since the diaphragm can rotate freely.

Early-age Stresses. Based upon our anayses of the early-age stresses in prestressed concrete |-Girders, the

authors believe that the following recommendations could be followed to help aleviate or reduce early-age
stresses
Residua stresses could be reduced by controlling the therma gradients that are generated during
curing by reducing the heat of hydration and better distribution of heat due to steam curing.

Additionally, the shape of the girder cross section was found to affect the magnitude and location of
maximum residua stresses (based on differencesin the location of maximum stress and distribution
of dressesfor the three girder types analyzed). Increasing the dope of the flange as it trangtions to
the web could help to reduce residua tensle stresses.

Increasing the thickness of the web would help to reduce the stresses due to prestress transfer as well
as early-age differentid thermd loading.

The tensle response of concrete at the girder-ends could be improved using discrete stedl or
polypropylene fiber reinforcement. Thiswould aso help reduce reinforcement congestion at the
girder-ends.

Use of end-blocks for the prestressed girders may aso dleviate the problem of early-age girder-end
cracking.

Diagonal Shear Cracking. Possble solutionsto help diminate/minimize shear-related cracking would be to:

Increase the shear capacity of the concrete section by providing end blocks or using a thicker web.
Usefiber reinforced concrete in the end regions, which would not only increase the tensile capacity
of the concrete, but would aso dlow for areduction in the amount of stirrup stedl provided.
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Repair of the Girders. If the structurd safety or performance of the girders were in question, repair of the

girders could be achieved through the use of epoxy injection of the cracks and gpplication of externally bonded
FRP reinforcement. Extensive research has been conducted at UMR to vaidate the use of FRP technology as
an effective srengthening technique (Khdifa, 1999; Gose and Nanni, 1999; Huang, 2000).

The special consideration for the use of FRP laminates to the surface of an I-girder beam is the presence of the corners
created by the transition for the web to the flange. In thisregion (see Figure 10.3), the laminate would need to be anchored to the

member to assure proper bond, and thus proper |oad transfer.

Anchorage of the FRPis
necessary in thisregion.

A/

Figure 0.3 Anchorage Region

In particular, the work performed by Huang involved the use of such an anchorage system. Huang' s research involved the
testing of double-t beams with dapped-ends, which are often used in parking structures. The beams were constructed without the
required steel reinforcement in the dapped-end areain order to facilitate strengthening of this area with FRP composites. Different
configurations of the FRP application were tested and compared to attain a better understanding of the dapped-end behavior, the use of
the FRP anchorage system, and the externally bonded FRP comp osites. The anchorage system involved cutting a groove into
concrete, applying the FRP sheet to the concrete, and then anchoring the sheet in the groove with an FRP rod. See Figure 10.4 for a

schematic of the anchorage system.

FRP rod used for
anchorage
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Figure 0.4 Schematic of the Anchorage System

Judging from the effectiveness of both the strengthening technique and the anchorage system, this method isaviable solution as a
potential method of repair and rehabilitation of the cracking experienced in the I-girder bridges. In spite of this, it may be noted that
before full acceptance of FRP materials will be granted, the durability of these systems still needsto be validated.

The alternate details and repair method proposed in this section are merely suggestions. Further analysis would be necessary

to determine the optimum solution for each bridge depending on its characteristics.

recommendations for future research
There are severd issuesthat till need to be clarified with respect to therma stressesinduced in PC |-

girder bridgesin Missouri. Areas for potential future research are outlined as follows:
Assuggested in Section 7, long-term monitoring of the bridges should be conducted (see Appendix Jfor details), in order to:
isolate deflections caused by thermal gradients,
examine the negative gradients experienced by the bridges,
validate the tensile stresses calculated in the parametric study, and
determine the period during which the thermal stresses/def|ections are the maximum.
Laboratory experimentation to determine a potential modification to the continuity detail.
Theimpact of the differencesin the deck and girder concrete on the thermal stresses. In particular, the differencesin the
coefficient of thermal expansion have been mentioned as one possible factor.

Construction sequence of the bridges and itsimpact on the thermal stresses.
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Descriptions of the variables included in the preliminary database provided by MoDOT and those added during analysis are as
follows (the asterisk denotes those variables that were ignored in the analysis because of their relative consistency):

Precast company — There are four precast companies utilized by MoDOT. They are Wilson Concrete Co., CSR Quinn Concrete

Co., Egyptian Concrete Co., and Raider Precast Concrete; they are denoted by the numbers 1, 2, 3, and 4, respectively for the

purposes of analysis.

Plant Location— The five locations of the plants are Omaha, NE; Marshall, MO; Kansas City, KS; Bonne Terre, MO; and

Burlington, IA. They are designated with the numbers 1 through 5, respectively, for the purposes of analysis.

District — MoDOT has divided the state of Missouri into 10 districts. Thisisthedistrict in which the bridgeislocated.

Bridge Length — The overall length of abridgein feet.

Average Daily Traffic— The average daily traffic over abridge.

Number of Spans— The number of spans of the bridge.

Deck Panel Thickness* — The thickness of the deck’s prestressed panels.

Support Pad* — The type of support pad used under the girders at the location of the diaphragm.

Skew — The degrees to the left or right that the bridge is oblique to the bank.

Girder Length— The length of an average girder in feet.

Girder Spacing— The centerline to centerline spacing of the girdersin inches.

Number of Girders per Span— The number of girders spaced across the width of the bridge.

Girder Height — The height of the bridge girdersin inches.

Bottom Flange Width— The width of the bottom flange of the bridge girdersin inches.

Top Flange Width — The width of the top flange of the bridge girdersin inches.

Bottom Flange Height — The height of the bottom flange of the bridge girdersin inches.

Top Flange Height — The height of the top flange of the bridge girdersin inches.

Web Height — The height of the web of the bridge girdersin inches.

Web Width — The width of the web of the bridge girdersin inches.

Girder Type— Based on the dimensions of the girders, the girder type according to MoDOT was determined.

Girder Area— The cross sectional area of the girder in square inches.

Number of Tendons— The total number of tendons used to prestress the bridge girder.

Number of Straight Tendons— The number of prestressing tendons that were placed straight near the bottom of the bridge girders.

Number of Draped Tendons— The number of prestressing tendons that were draped in the bridge girders.

Tendon Diameter* — The diameter of the prestressing tendons in inches.

Tendon Type* — The type of prestressing tendon used (e.g., 7-wire strand).

Tendon Strength* — The tensile strength of the prestressing tendonsin ksi.

Initial Stress as a Percent of Ultimate* — Theinitial prestressing stress as a percentage of the ultimate strength of the tendons.

Tendon Release Sequence* — A description of the pattern in which the prestressing tendons were rel eased after pouring.

Mild Sted Size* — The sizes of mild steel bars used to reinforce the bridge girdersin ACI standard designations.

Mild Steel Strength* — The strength of the mild steel used to reinforce the bridge girdersinksi.

Shear Reinforcement End Space — The space at the end of the girder where no shear reinforcement is placed in inches.
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Shear Reinforcement First Section— Details the spacing and number of spaces of the shear reinforcement placed in the end
section of the bridge girder.

Additional Barswithin the End Area— Details the placement and size of any additional shear reinforcement that was placed near
the end of the beam.

Shear Reinforcement Second Section— Details the spacing and number of spaces of the shear reinforcement placed in the next
section (toward the center) of the bridge girder.

Shear Reinforcement Third Section— Details the spacing and number of spaces of the shear reinforcement placed in the next
section (toward the center) of the bridge girder.

Shear Spacing Section 1 — The shear spacing in the first section.

Shear Spacing Section 2 — The shear spacing in the second section.

Shear Spacing Section 3 — The shear spacing in the third section.

Number of Girder Ends Cracked — The number of girder endsin the bridge that exhibit cracking.

Percentage of Girder Ends Cracked— The percentage of girder endsthat are cracked, as a percentage of the total number of girder
endsin the bridge.

Casting Date — The casting date of the bridge girders.

Transportation Date — Transportation date of the bridge girder to the bridge site.

Transportation Method* — The method of transporting the bridge girdersto the bridge site.

Distance Traveled — The distance traveled by the bridge girdersto the bridge site in miles.

Field Construction Date — The date of construction of the bridge, often just the year of construction. Thisvariableissplitinto the
field construction year and the field construction season. Winter, denoted by a 1, is defined as December, January, and February.
Spring, denoted by a 2, isdefined asMarch, April, and May. Summer, denoted by a 3, is defined as June, July, and August. Fall,
denoted by a4, is defined as September, October, and November.

Erection method* — The method of placing the bridge girders at the bridge site.

Cement Source — There are six sources of cement used in the bridges considered. They are Typelll Ash Grove, Typelll MO
Portland, Typelll Lafarge, Typelll River Cement, Type | River Cement, and Type| Lonestar. A number, 1 through 6, represents
each type, respectively.

Coarse Aggregate Source — The five sources of coarse aggregate are Burlington Limestone (Grade E), Bethany Falls Limestone,
Bonne Terre Limestone (Grade E), Plattin Limestone (Grade E), Derby-Doe Run Limestone (Grade E); they are denoted by 1, 2,

3, 4, and 5, respectively.

Fine Aggregate Source — The four sources of fine aggregate are Missouri River Sand (Grade A), Kansas River Sand (Grade A),
Mississippi River Sand (Grade A), and Meramac River Sand (Grade A); they are denoted by 1, 2, 3, and 4, respectively.

Water Source* — The source of water used in the concrete mixture.

Class of Concrete* — The class of the concrete designation of the bridge girders. ThisisaMissouri State standard specification
for highway construction.

Cement* — The amount of cement in the concrete mixture in pounds.

Coarse Aggregate* — The amount of coarse aggregate in the concrete mixture in pounds.

Fine Aggregate* — The amount of fine aggregate in the concrete mixturein pounds.

Water* — The amount of water in the concrete mixturein gallons.
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Admixtures— The type of admixtures added to the concrete mixture.

Age at Release — The age of the concretein days at the time of release of the prestressing tendons. If arange of values was given
for this variable, then the mean of that range was used for the purposes of analysis.

Strength at Release — The strength of the concrete, in psi, at the time of release of the prestressing tendons.

Curing Strength— The design final strength of the concrete, in psi, after 28 days.

Curing Type— The method used to cure the concrete, either steam or water, denoted by a1 or 2, respectively.

Curing Time— The amount of time, in days, that the concrete was cured by the method defined in “curing type.” If arange of
values was given for this variable, then the mean of that range was used for the purposes of analysis.

Curing Temperature — The range of temperatures, in degrees Fahrenheit, at which the concrete was cured. Thisvariable was split
so that the minimum curing temperature and the maximum curing temperature could be analyzed separately.

Width of Diaphragm — The width of the diaphragm of the bridgein inches.

Column Height — The average height of the columns of the bridge in feet.
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APPENDIX B
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The least squares method attempts to minimize the sum of the squares of the resduds, “e”, which are
the difference between the actud vaues, “y;”, and the predicted values, “ ¥, . The least squares method can

most clearly be defined using the example of asmple linear regresson. In the case of asmple linear

regression, the mode is of the form,

Yi =bg+baxj +e; (C.1)

where:
“y;i" isthe actual value of the variable to be predicted,

“by” istheintercept term,

“b;” isthe slope parameter,

“x" arethe values of the single explanatory variables under consideration, and

“q" aretheerror terms.
The error terms are included to indicate the variability in the observed values, which cannot be cal cul ated exactly asalinear function
of “x”. Notethat, in the case of asimplelinear regression, thereis only one exp lanatory variable, “x”.

An approximation to the model (Equation C.1) is determined asfollows. Let,

y =bp +hbyx (C.2)
where the coefficients, “by” and “b,”, are chosen by the | east squares method, such that the sum of the squared deviations of the
model from the observed is minimized. The sum of the squared deviations can be expressed as afunction of “by” and “b;” asfollows

in Equation C.3.

o 2 D ¢ (I:] 2
Qlbo,b1)=4(e)“ = &(yi - §i)= & (vi - (bo+b1x)) (C.3)
i=1 i=1
By differentiating Equation C.3, with respect to both “bg” and “b;”, we obtain expressions (Equation C.4 and Equation C.5) that can

be set to zero in order to minimize Q(bg,b;).

T _n

——=a- 2Yj- (bo+b1x))=0 (C4
w._n_,o. .
——=a2(-%)(yi - (bo+b1x)) =0 (C.5)

Manipulating Equation C.4 and Equation C.5 into expressions that can be solved for “by” and “b,”, we obtain Equation C.6 and
Equation C.7.

nbg +(& X Jop =4 v (C.6)

(& i )bo + g% Xizgf)l =4 XY (C.7)

Solving these equations for “b,”, we obtain
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n ayi
Claxp axpyil _naxyj-axay;
bl - n <] X; - o 2 o 2 (C'8)
ax) e - (ax)
é X é. Xi
Simplifying Equation C.6 through C.8, we obtain solvable expressionsfor “by” and “b;.”
s Ly XA
a Xy - %
o ax
ax@- )
n
bgp =¥- X (C.10)

The minimum value of the sum of the squared deviations, based on the values of “by” and “b,”, isreferred to as the sum of the squared

residuals, "SS,e”, and is defined as follows:

n
SSres = Qlbo,br) = Qrin = & (v - 5i)? (C.11)
i=

Following the simple linear regression analysis, the ability of each variable to predict the number of girders cracked was
evaluated. To do so, an analysis of variance (ANOV A) procedure was performed.

Any data set will contain a certain amount of variability, “ SS;tq”, which can only partially be explained by the model to
which the dataisfit. Theability of the model to predict the response variable, “y”, can be measured by the amount of variability that
it can explain. The analysis of variance, or ANOVA, procedureis one way to quantify this ability. The ANOVA procedureis so
termed because it is an analysis of the variance explained by the model relative to the variance left unexplained.

An ANOVA table for the case of asimple linear regression takes the form of Table C.1. The number of observations, “n”, is
used to determine the degrees of freedom of each source. The sumsof squares are data-dependent estimates of the variability

attributed to various sources.

Table C.1 Form of the ANOVA Tablefor SmpleLinear Regression*

Degr ees of Sum of Mean
Source Freedom Squares Squares F
Regression 1 SSieg MSieg F
Residual n-2 SSes MSres
Total n-1 SSotal

* Adapted from Vining, 1998, page 299.

The variability attributed to the model (i.e. explained by the model), “SS,y”, and the variability attributed to error, “ SS;es”, sum to
thetotal variability, “ SSta”. Thevariability attributed to error, “ SSies”, has been previously defined as follows,
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n -
SSres = & (i - 9i) (C.12)
i=1
If “SSota” IS defined as,
n _
SSotal = & (yi - V) (C.13)
i=1

where“ Yy "isthe average value of “y”, then it can be shown that “ SS;e,” Would be defined as follows,

n
SSreg = & (3i - 9) (C.14)
i=1
The mean squareis calculated by dividing the sum of squares by the degreesof freedom. Specificaly,
Ssreg
MS = C.15
reg T (C.15)
and,
MSres = Sres (C.16)
n-2

The F-valueis calculated by dividing “MSey” by “MSees”.

The F-value can be used to determineif the independent variable has an effect on the response variable. When only one variable
isconsidered, the test isequivalent to at-test. Thet-valueisequivalent to the positive or negative value of the square root of the F-
value.

For avariable to be considered statistically significant, the probability that at-random variable is greater than the calculated t-
value for the analysis must be less than the selected level of significance. This probability valueis called the p-value. Generally,the
level of significanceisset at 0.01, 0.05, or 0.10, or one, five, or ten percent, respectively (Vining, 1998, pg. 158). The probability
associated with the t-value can be calculated by using the cumulative distribution function for the t-distribution (Vining, 1998, pg.
458).
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APPENDIX D
J. Myers, A. Nanni, and D. Stone

VARIABLESINCLUDED IN THE REVISED DATABASE
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A description of the variablesincluded in the revised databaseis as follows:
- District — Asmentioned previously, MoDOT dividesthe state into 10 districts. It was suspected that geographic location of

the bridges could be afactor, asit pertains to geologic properties, daily temperature variation, and the type of aggregate used
in the concrete.

County — There are 114 countiesin the state of Missouri. Thisvariable would be amore refined account of geographic
location.

Route — The possible types of routes that the highway bridges are located on are I nterstate highway, U.S. highway, State
highway, and County road.

Skew — A skew bridge is one that is built obliquely from bank to bank. The angle between the pier lineand aline
perpendicular to the edge of the bridge is referred to as the skew of the bridge.

Bridge length— The overall length of the bridge is afactor that would affect the amount of load carried by the girders, aswell
as the magnitude of thermal expansion experienced by the bridge.

Number of spans— Thisis another factor that would affect the amount of load carried by the girders.

Girder type— MoDOT standard girders are specified asll, I11, 1V, VI, or VII. Thisvariable will take the value of the girder
type.

Girder spacing— Thisis another factor that would affect the amount of load carried by the girders.

Shear reinforcement end spacing— At the end of the beam, there will be a2-in. to 3-in. space where thereis no reinforcement.
Sincethe original suspicion was that the cracks were shear related, all shear reinforcement spacing is of interest.

Shear reinforcement spacing— Again, the original suspicion was that the cracks were shear related, all shear reinforcement
spacing were included in the database.

Average Daily Traffic (ADT) — The average number of vehicles that crossthe bridge in one day isreferred to as the average
daily traffic.

Cracked status— The analysis of the database was intended to determine the differences between the characteristics of the
cracked bridges and the uncracked bridges. Thiswas also one variable that was of interest to try to predict with the statistical
mode.

Percentage of girder ends cracked — The extent of the cracking in the cracked bridge was also of interest. The differences
between the bridges that had only minimal cracking and those with extensive cracking were to be determined, as well.
Additionally, the statistical model would attempt to predict this variable.

Girder Area— Whilethe MoDOT standard numbers are one means of identifying the size of the girders used in the bridge, a
better gauge of their relative size would be the area of the girders. For instance, aMoDOT Type | girder isnot half the size
of aMoDOT TypelV girder.

Theinformation is arranged in the database in the following order: bridge number, district, county, route, skew, bridge length,
number of spans, girder type, girder spacing, reinforcement end spacing, reinforcement spacing in section 1, reinforcement spacing in
section 2, reinforcement spacing in section 3, ADT, total foundation stiffness (not discussed in this report), average foundation
stiffness (not discussed in this report), cracked status of the bridge, percentage of girders cracked, girder area, number of pile footing
foundations (not discussed in thisreport), number of spread footing foundations (not discussed in thisreport). It should be noted that a

“.” denotes that information for that variable for that bridge was not available.
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The database is as follows:

4581
3400 49 45 201 3 . 108 2.5 6 15 . 59000 10 2.5 1 . 518.9 4 0
35651 7 49 2 5 136 3 . 108 2 4 4 6.8 60000 8.5 2.125 1 . 518.9 3 1
35652 7 49 2 5 136 3 . 108 2 4 4 6.8 51000 7 1.75 1 . 518.9 2 2

96 0 181 3 6 113 2.5 6 9 9 501000 10 2.5 1 11.11 643.6 4 O

23741 1 3 1 10 268 5 4 102 2 5 6 8 47000 . . 1 0 428.9
23742 1 3 1 10 268 5 4 102 2 5 6 8 47000 . . 1 0 428.9
4798 1 3 4 40 200 3 4 100 2.5 6 8 9 2000 10 2.5 1 25 428.9 4 0
84 1 11 1 30 228 5 3 100 2.6 12 15 24 100000 . . 1 . 381.9 .
4214 1 11 3 30 163 3 . 88 2.5 6 12 24 8000 10 2.5 1 3.33 374.9 4 0
4976 1 11 2 0 142 3 2 106 2 55 7.5 50000 . . 1 3.33 310.9 .
2879 1 13 3 25 144 3 3 100 2.5 6 9 12 23000 10 2.5 1 . 381.9 4 0
4620 1 32 2 0 204 3 6 106 2.5 6 12 21 31000 7 1.75 1 13.33 643.6 2 2
2921 1 41 4 0 183 5 2 102 2.5 5.5 6 7 9000 9 1.5 1 2 310.9 2 4
4724 1 41 2 20 124 3 2 102 2.5 5 7.5 12.5 20000 7 1.75 1 16.67 310.9 2 2
4378 1 113 3 0 321 5 4 112 2.5 5.5 7 9 8000 12 2 1 2.5 428.9 4 2
4341 2 17 4 0 152 3 3 112 2.3 8 12 12 3000 10 2.5 1 8.33 381.9 4 0
4528 2 21 3 0 258 5 4 100 2.5 12 18 18 9000 15 2.5 1 2 428.9 6 0
4636 2 45 3 20 148 3 3 112 2.5 9 13 24 4000 10 2.5 1 33.33 381.9 4 0
3256 2 58 2 0 216 6 2 108 2.5 5 5 24 22000 17.5 2.5 1 . 310.9 7 O
3839 2 58 2 35 284 5 6 108 2.5 7 7 24 37000 15 2.5 1 . 643.6 6 0
4545 2 88 2 15 199 3 4 102 2.5 9 24 24 114000 10 2.5 1 25 428.9 4 0
5037 2 88 2 9 275 4 4 112 2.8 6 9 12 89000 12.5 2.5 1 . 428.9 5 0
4353 3 4 3 10 175 3 4 114 2.5 9 9 14 6000 7 1.75 1 8.33 428.9 2 2
2872 3 64 2 44 221 3 4 94 2.5 56 9 54000 10 2.5 1 11.1 428.9 4 0
4547 3 87 2 5257 2 . 106 . . . . 36000 152.51. . 60
4713 3 87 2 30 253 53 106 2 6 6 8 88000 . . 1 16 381.9 .
4553 3 109 4 45 206 3 . 93 2.5 7 9 9 5000 7 1.75 1 4.17 531.5 2 2
26411 4 19 2 0 108 3 2 102 3.8 6 9 12 73000 10 2.5 1 13.33 310.9 4 0
26412 4 19 2 0 108 3 2 102 3.8 6 9 12 69000 10 2.5 1 20 310.9 4 O
4931 4 54 3 30 250 3 6 106 2.5 6 12 21 25000 10 2.5 1 . 643.6 4 0
4546 5 10 4 20 267 5 3 106 2.5 9 24 12 38000 12 2 1 8 381.9 4 2
5046 5 10 2 30 247 5 3 106 3 6 7.5 10 67000 7.5 1.25 1 . 381.9 1 5
3126 5 14 2 20 137 3 3 106 3 6 10 15 41000 7 1.75 1 26.67 381.9 2 2
3127 5 14 2 0 332 6 4 106 2.5 6 9 12 41000 11.5 1.64 1 33.33 428.9 3 4
3450 5 14 2 36 196 3 6 106 2.5 7 9 21 43000 12 3 1 3.33 643.6 4 2
4780 5 14 2 60 304 . . 106 2.1 6 9 21 39000 10.5 1.75 1 . 643.6 3 3
5202 5 14 2 39 177 3 . 106 1.8 9 10 12 38000 10 2.5 1 26.67 336.5 4 0
5203 5 14 2 20 152 3 . 106 2.3 11 24 12 38000 7 1.75 1 13.33 336.5 2 2
4825 5 26 2 . 269 5 6 113 4 9 12 21 59000 15 2.5 1 12 643.6 6 O
4461 5 68 4 15 112 3 2 93 2.5 9 9 15 2000 7 1.75 1 4.17 310.9 2 2
4842 5 68 4 0 146 3 2 100 2.5 8 10 6 2000 7 1.75 1 33.33 310.9 2 2
3624 5 37 2 52 293 53 97 2.5 7 7 9 19000 15 2.5 1 6.67 381.9 6 O
4526 5 37 3 0 312 5 4 106 2 9 9 15 17000 9 1.5 1 40 428.9 2 4
3406 5 63 3 0 163 3 3 96 2.5 8 12 24 14000 7 1.75 1 2.78 381.9 2 2
4447 5 63 4 10 171 3 4 93 3 12 18 24 7000 7 1.75 1 8.33 428.9 2 2
5003 5 63 3 25 216 3 6 112 2.5 7 7 11 5000 5.5 1.38 1 33.33 643.6 1 3
5017 5 71 4 30 211 3 4 100 2.5 10 10 15 3000 7 1.75 1 4.17 428.9 2 2
4795 6 50 4 30 213 4 4 112 2.6 9 11 14 27000 8 1.6 1 . 428.9 2 3

6 2

7 2

4074 7 55 4 0 118 3 3 100 2.5 6 10 10 15000 7 1.75 1 26.67 381.9 2 2
4990 7 55 3 0 181 4 2 106 2.6 8 10 8.8 39000 12.5 2.5 1 30 310.9 5 0
4532 7 73 2 0 113 3 2 114 2.5 8 12 24 46000 10 2.5 1 13.33 310.9 4 0
4260 7 108 4 0 130 3 . 92 . . . . 200010 2.51. . 40

3058 8 30 3 40 300 6 3 100 2.9 10 24 12 8000 10 1.43 1 10 381.9 2 5
3673 8 34 3 40 315 6 3 140 2 9 12 24 13000 10 1.43 1 5 381.9 2 5

176 8 39 1 15 178 3 3 101 1.6 6 9 12 123000 . . 1 3.33 381.9
3357 8 39 2 40 143 3 3 96 2.3 7 7 20 101000 4 1 1 2.78 381.9
4144 8 39 2 10 346 5 4 99 1.8 9 12 15 83000 7.5 1.25 1 2 428.
4148 8 39 2 0 321 5 4 97 2.5 9 12 18 132000 9 1.5 1 3. 33 428.
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3937 8 43 2 0 190 3 4 97 2.5 6 6 12 18000 7 1.75 1 5.56 428.9 2 2
4754 8 84 3 30 170 3 4 112 2.5 6 9 12 29000 7 1.75 1 4.17 428.9 2 2
4385 8 106 2 35 276 5 4 106 2.5 9 9 15 27000 10.5 1.75 1 6 428.9 3 3
4575 9 18 2 0 169 3 3 106 2.5 5 7 7 37000 10 2.5 1 16.67 381.9 4 0
5001 9 18 2 10 99 2 3 106 2.5 6 9 18 42000 7.5 2.5 1 15 381.9 3 0
4261 9 33 3 . 169 3 3 116 2 12 18 24 16000 7 1.75 1 10 381.9 2 2

4568 9 33 4 20 246 4 4 113 2 7.5 9 24 1000 8 1.6 1 . 428.9 2 3

5378 9 33 4 25 229 4 3 100 2 6 9 15 4000 12.5 2.5 1 3.13 381.9 50
4242 9 91 4 0 301 6 2 93 2.5 9 12 24 1000 13 1.86 1 12.5 310.9 4 3
3949 9 101 3 10 213 4 3 92 2 6 12 24 5000 8 1.6 1 7.5 381.9 2 3

4564 9 101 4 10 181 3 3 93 2.5 11 16 24 3000 10 2.5 1 33.33 381.9 4 0
4566 9 101 4 0 257 4 3 102 1.5 8 6 12 3000 10.5 2.1 1 40.63 381.9 3 3
4462 9 107 4 0 209 4 3 86 2.5 9 24 24 2000 12.5 2.5 1 6.25 381.9 50
4741 9 110 3 30 181 3 4 114 3 9 7 10 38000 7 1.75 1 33.33 428.9 2 2
5296 9 110 4 20 205 3 4 100 2.5 6 6 9 5000 7 1.75 1 25 428.9 2 2

4767 10 9 3 30 118 3 2 106 3.5 5 8 12 30000 10 2.5 1 10 310.9 4 0
3273 10 12 2 0 159 3 3 96 2.5 6 24 . 59000 10 2.5 1 2.78 381.9 4 0

4490 5 66 3 . 363 6 4 100 2.5 9 12 . 23000 8.5 1.21 0 0 428.9 1 6
4908 5 76 4 0 378 5 6 100 4 6 8 12 3000 10.5 1.75 0 0 643.6 3 3
4580 6 96 1 0 180 3 6 103 3 6 9 15 591000 10 2.5 0 0 643.6 4 O

4896 6 96 1 41 182 3 4 102 2.5 7 9 12 100000 . . 0 O 428.9

5123 6 92 1 50 312 5. 95 1.8 5 8 12 175000 15 2.5 0 0 459.9 6 O
4049 7 108 2 37 287 5 4 94 2.5 8 16 24 37000 15 2.5 0 0 428.9 6 O
4968 7 60 3 25 107 2 2 93 2.5 8 10 18 34000 7.5 2.5 0 0 310.9 3 O
5223 7 73 2 38 256 4 4 106 2.5 8 10 24 56000 12.5 2.5 0 0 428.9 5 0
5334 7 73 2 . 193 4 2 106 2 6 9 21 . 12.5 2.5 0 0 310.95 0

3259 8 39 3 0 109 3 2 92 2.5 7 12 . 323000 7 1.75 0 0 310.9 2 2
3360 8 39 2 29 137 3 2 96 2.5 6 15 . 108000 5.5 1.38 0 0 310.9 1 3
4183 8 39 2 18 240 4 6 106 3.5 11 19 24 71000 12.5 2.5 0 0 643.6 5 0
4560 8 43 2 0 201 3 6 114 3 12 18 24 19000 7 1.75 0 0 643.6 2 2
4731 8 106 4 15 345 4 6 106 2.5 6 21 . 41000 8 1.6 0 0 643.6 2 3
3898 10 12 2 0 250 3 6 97 2.5 7 18 24 96000 10 2.5 0 0 643.6 4 O
4811 10 16 3 25 178 3 4 114 2.5 9 12 24 90000 7 1.75 0 0 428.9 2 2
5044 10 78 4 5 246 3 6 112 2.5 6 9 21 6000 10 2.5 0 0 643.6 4 O
5089 10 72 2 13 130 3 2 106 2.5 5 8 12 42000 10 2.5 0 0 310.9 4 O
5306 10 103 2 10 136 3 . 95 3 7 9 24 34000 10 2.5 0 0 374.9 4 0
4176 8 39 2 0 260 2 . 116 2.5 12 15 24 95000 6 2 0 0 751.6 2 1

4492 5 66 3 15 125 3 2 100 2.5 6 9 15 11000 7 1.75 0 0 310.9 2 2
3018 5 8 2 5 140 3 3 96 2.5 6 12 21 69000 10 2.5 0 0 381.9 4 O

4094 5 10 2 36 256 4 4 106 3 5 10 12 145000 12.5 2.5 0 0 428.9 5 0
4466 1 11 3 25 216 5 2 112 2.5 7.5 11 24 10000 15 2.5 0 0 310.9 6 O
3803 8 22 2 35 276 4 6 106 3 6 12 21 82000 6.5 1.3 0 0 643.6 1 4
4561 8 22 4 0 250 3 6 112 2.8 5.5 6 8 9000 7 1.75 0 0 643.6 2 2
3316 4 24 1 40 161 3 3 104 2.5 6 10 15 97000 7 1.75 0 0 381.9 2 2
4366 5 27 3 30 332 5 4 100 2.5 10 18 24 14000 12 2 0 0 428.9 4 2
1896 1 41 1 23 214 5 2 108 2.5 6 12 . 45000 15 2.5 0 0 310.9 6 O
3470 7 49 3 5 261 5 4 108 4.5 6.5 21 . 69000 10.5 1.75 0 0 428.9 3 3
3580 7 49 2 15 168 3 4 108 2.5 6 9 24 48000 7 1.75 0 0 428.9 2 2
2896 6 50 4 43 146 3 2 97 2.5 8 18 . 67000 7 1.75 0 0 310.9 2 2
4314 6 50 . 0 321 4 6 106 2.5 6 9 12 58000 8 1.6 0 0 643.6 2 3

3268 10 72 3 0 121 3 2 108 2.5 7 15 24 12000 . . 0 O 310.9

4469 1 74 2 20 196 3 4 100 1.5 6 9 21 19000 10 2.5 0 0 428.9 4 O
3975 4 83 1 3 333 5. 101 3 7 12 21 40000 15 2.5 0 0 473.96 0

4496 4 89 3 . 232 3 6 94 2.5 12 18 24 51000 10 2.5 0 0 643.6 4 O
4237 6 92 1 8 194 4 3 106 2.5 6 12 24 309000 8 1.6 0 0 381.9 2 3
3747 6 96 1 . 335 5 6 101 2.5 9 12 22 705000 15 2.5 0 0 643.6 6 O
4659 6 96 3 6 173 3 6 106 2.5 10 14 24 209000 7 1.75 0 0 643.6 2 2

3793 10 103 2 25 207 3 . 106 1.5 8 4.5 24 31000 . . 0 O 518.9
4401 9 110 4 35 347 5 4 93 2.5 6 8 15 5000 9 1.5 0 0 428.9 2 4
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3516 8 114 2 15 211 3 . 108 2 5 15 . 48000 7 1.75 0 0 518.9 2 2
1153 1 2 1 28 164 3 4 108 2.5 7 12 24 19000 10 2.5 0 0 428.9 4 0
3510 1 2 1 42 173 3 4 108 2.5 8 24 . 22000 7 1.75 0 0 428.9 2 2
4746 1 32 3 0 221 4 3 93 1.8 6 10 21 11000 12.5 2.5 0 0 381.9 5 0
4764 1 25 2 40 272 5 2 106 2.6 8 9 12 14000 15 2.5 0 0 310.9 6 O
5535 1 74 3 0 180 3 4 93 1.8 8 12 21 6000 10 2.5 0 0 428.9 4 0
3876 2 40 4 35 200 3 4 121 2.5 6 9 12 2000 10 2.5 0 0 428.9 4 0
3890 2 58 3 0 136 3 2 92 1.5 12 17 20 3000 10 2.5 0 0 310.9 4 0
4120 2 1 4 10 337 5 6 93 2.5 12 18 21 4000 12 2 0 0 643.6 4 2

4421 2 105 3 42 254 3 6 100 2.5 9 15 24 7000 10 2.5 0 0 643.6 4 0O
3148 3 56 2 40 154 3 3 108 2.5 6 12 . 29000 7 1.75 0 0 381.9 2 2
3319 4 83 3 15 338 5. 100 3.5 12 18 24 24000 12 2 0 0 518.9 4 2
3341 4 83 1 20 187 3 4 106 2.5 9 12 21 39000 7 1.75 0 0 428.9 2 O
3343 4 83 1 14 151 3 3 106 2.6 9 12 24 63000 10 2.5 0 0 381.9 4 O
3372 4 83 1 13 183 4 3 111 2.5 6 8 12 62000 12.5 2.5 0 0 381.9 5 O
4058 4 48 3 0 144 3 4 118 2.5 9 15 24 183000 10 2.5 0 0 428.9 4 0
4861 4 48 2 12 127 2 4 116 2.5 7 9 11 25000 7.5 2.5 0 0 428.9 3 0
4862 4 48 2 12 128 2 4 112 2.5 7 9 11 25000 7.5 2.5 0 0 428.9 3 O
4863 4 48 2 0 199 2 6 103 2.8 5 6 8 113000 7.5 2.5 0 0 643.6 3 0
5359 4 42 3 20 223 3 6 106 1.8 6 9 21 . 7 1.75 0 0 643.6 2 2

5488 4 42 3 0 170 3 3 106 1.8 7 10 24 . 10 2.5 0 0 381.9 40

3548 5 71 3 0 133 3 2 97 2.5 7 12 . 21000 7 1.75 0 0 310.9 2 2
3599 5 37 4 28 214 3 4 98 2.5 9 14 24 2000 10 2.5 0 0 428.9 4 0
4005 5 26 2 0 145 3 4 108 2.5 6 12 24 137000 5.5 1.38 0 0 428.9 1 3
4526 5 37 3 0 312 5 4 106 2 9 15 24 16000 9 1.5 0 0 428.9 2 4

4874 5 27 4 16 169 3 3 112 2 5 8 21 4000 5.5 1.38 0 0 381.9 1 3
5119 5 27 1 13 280 3 6 100 2.5 6 9 12 97000 10 2.5 0 0 643.6 4 O
2944 6 50 3 55 268 4 4 106 2.5 9 12 24 58000 12.5 2.5 0 0 428.9 5 0
2945 6 50 3 55 255 4 4 106 2 10 16 24 58000 12.5 2.5 0 0 428.9 5 0
3028 6 96 . 6 155 4 2 97 2 6 9 12 271000 12.5 2.5 0 0 310.9 5 0
3046 6 50 3 55 162 3 3 96 2.5 6 9 24 87000 7 1.75 0 0 381.9 2 2
3098 6 50 3 8 149 3 3 108 2.5 6 9 12 64000 10 2.5 0 0 381.9 4 0
3746 6 96 1 . 297 5 6 101 2.5 9 15 22 713000 15 2.5 0 0 643.6 6 O
4189 6 36 4 0 232 4 . 93 2.5 18 24 . 2000 8 1.6 0 0 473.9 3 2
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APpendix E
J MYERS, A. NANNI, AND D. STONE

PRELIMINARY INVESTIGATION OF THE REVISED DATABASE
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A boxplot isagraphical representation of the distribution of the datain adata set. It can provide information about the center of
the data set, the spread of the data, the range in which most of the datafalls, and the possibility of outliers. To produce a boxplot the
median, the first and third quartiles, the upper and lower inner fences, and the upper and lower outer fences are required. Note that the
fences mentioned are function of the interquartile range, which is the difference between the values of the first and third quartiles. The
specifics are not defined herein because for the boxplots created the traditional boxplot was modified slightly; the fenceswere

replaced with the minimum and maximum values. Further information can be found in Vining (1998).

Thefirst step is to determine the median of the dataset. The median of adataset,” Y ”, is determined by placing the data

pointsin ascending order and then determining the middle value. The location of the median, “I,,", can be calculated by Equation E. 1.

_nh+1
Im = —— (E.1)
m="7
where “n” isthe number of data pointsin the dataset. If “n” isodd then “I,," isan integer and
y= Y (E2)

However, if “n” iseventhen “l,," will contain the fraction %2. In this case the calculation of “ y "will be carried out according to
Equation E.3. The median will be the average of the two data points surrounding the location, “Ir,’.
WIim-1/2) * WIm+1/2)

2
Thefirst and third quartiles, “Q;” and “Qs”, respectively, can be determined by first calculating the location of the quartiles,

y= (E.3)

denoted as*“l;".

n—3n‘ nis odd
4

i
:[ (E4)
I

I
97 n+2
——if nis even
4
If “ly" isan integer, the first quartile can be found by counting “I4” data pointsin from the beginning of the ascending data set and the

third quartile can be found by counting in “ly” data points from the end of the ascending data set.

QA =Ylg)
d (E5)
Q3= Y(n+l-1q)
If “lg” is not an integer, then the quartiles will be the average of the two data points surrounding the location, “Iy”
W(lg-1712) * Y(lg+1/ 2)
2 (E.6)
_Y(n+1-1g-1/2) * Y(n+l1- lq+1/2)

2

The minimum and maximum values are then determined and the values of the median, the first and third quartiles, and the

minimum and maximum values are plotted on a horizontal scale as shown inFigure E..

Minimumvaue @1 Maximum vaue

F:Eflm



Sequence 9: Cracking in Prestressed |-Girder Bridges Sequence 12: PCI Girder Cracking Phase I1: Causes and Design Detail

Figure E.1 Generic Boxplot

Thistype of modified boxplot isillustrated in Figures E.2 and E.3. Figure E.2 exhibits the four boxplots, one for each girder
type, of the span length of the cracked bridges. Figure E.3 exhibits the four boxplots, one for each girder type, of the span length of
the uncracked bridges. In both figures, the number directly above each boxplot isthe value of the median of the span length for that
girder type.

FiguresE.2 and E.3 illustrate that the uncracked bridges tend to have longer span lengths than the cracked bridges. This
trend is counter-intuitive, in that, one would expect alonger span to experience higher stresses, due to increasesin live and dead load
moments, and hence exhibit a higher probability of cracking. Additionally, as expected, asthe girder type number increases,

indicating alarger size girder, the span length also increases. Thisis consistent with the MoDOT design guidelines and serviceability

requirements.
7
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Figure E.2 Boxplots of Span Length, by Girder Type, for the Cracked Bridges
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Figure E.3 Boxplots of Span Length, by Girder Type, for the Uncracked Bridges

A series of bar charts were created to examine possible trendsin the data set. Most try to establish conclusions about the
differences or similarities between the cracked and uncracked bridges. Additionally, the number above each bar represents the
number of bridges that are included within said classification.

To determine information about the types of girders used in the bridges, Figure E.4 is arepresentation of the number of
bridges by girder type, as afunction of cracked status. Thiswould yield conclusions about a potential over/under-design of these
bridges. Inthis case, the distribution in Figure E.4 indicates that no one girder typeis solely responsible for a cracked or uncracked
bridges. It may be noted that the vertical scale of Figure E.4 is 150, in order to illustrate the relative proportions of each girder type
within the entire database.
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150
140
130 O Cracked |—

120 Uncracked [—
110

=
o
o

90
80

60
50

40
30 24 22 24

Number of bridges

19

20 12 14 11 1 5
0

I 1 v VI
Girder Type

Figure E.4 Bridges by Girder Type, asa Function of Cracked Status

Examination of Figure E.4 indicates that girders of Type Il and Type IV exhibit roughly a1:1 proportion of cracked bridges to
uncracked bridges. Thisisin contrast to TypeIll, which exhibits alarger proportion of cracked girders than uncracked girders, and
Type VI, which exhibits alarger proportion of uncracked bridges than cracked bridges. Thisdistribution of girder types by cracked
statusisreflected in Figures E.5 through E.10, aswell.

Figures E.5 and E.6 exhibit the number of bridges by number of spans, for cracked and uncracked bridges, respectively. Figures
E.5 and E.6 also exhibit the fact that 3-span bridges are the most common type of continuous PC bridgein Missouri. This may be
attributed to span length requirements most often encountered in Missouri.

Onevariable of interest, in the preliminary analysis, was to determine whether the bridges on one type of route exhibited more
cracking than those on another type of route. Figures E.7 and Figure E.8 illustrate the number of bridges by girder type, as afunction

of route type.
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Figure E.5 Cracked Bridges by Girder Type, asa Function of Number of Spans
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Figure E.6 Uncracked Bridges by Girder Type, asa Function of Number of Spans
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10 O Interstate Hwy.
US Hwy.
9 3 3 OMO Hwy.
8 O County Route
7 7
g 7
- 6 6 6
@ 5
S 5
gz, :
£
Z 37
2 2 2 2
2 -
1 -
0 0 0
0 T T T
I 1] v VI
Girder Type

Figure E.7 Cracked Bridges by Girder Type, asa Function of Route Type

The overall trend exhibited by these two figures indicates that, of the four route types, interstate highways have the smallest
proportion of cracked bridges and U.S. highways have the highest proportion of cracked bridges.

10 O Interstate Hwy.
9 US Hwy.
9 3 0 MO Hwy.
8 O County Route
7
g 7
2 6
o0 5 5
S 5
o) 4 4 4 4 4 4
o 4 .
S 3
Z 31 -
2
2| 2 i
1 1 1
14 ||
0 T T T
I 1 v VI
Girder Type
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Figure E.8 Uncracked Bridges by Girder Type, asa Function of Route Type

Plots of the number of bridges by girder type, as afunction of span length, can been seenin Figures E.9 and E.10.

The most common span length for the cracked bridgesis 50 to 60 feet (15.24 to 18.29 meters) while the most common span
length for the uncracked bridgesis 60 to 70 feet (18.29 to 21.34 meters). Thisreiterates the previoustrend of shorter span lengths for
the cracked bridges and longer span length for the uncracked bridges.

16 @ 36.3-40
14 40-50
14 00 50-60
00 60-70
70-80
12 1t E 80-90
8 — 90-100
T 10 9
o _
T 8 7
)
o)
E 6
= 44
4 3
2 2 2
211 Bt 1
0000 000 00 Io 0 00 0
O T T T
1] 11 AV VI
Girder Type

Note: 1 ft. =0.3048 m
Figure E.9 Cracked Bridges by Girder Type, asa Function of Span Length
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@ 36.3-40
16 15 40-50
u 0 50-60
14 0 60-70
70-80
g YT, = 80-90
g 0 90-100
m
S 8 7
o 6 6 6
E 6 i
> 4
4
282 2 2 2
2 1
0000 O [0000 oI goo 0o
O T T T
1 11 AV VI
Girder Type

Note: 1 ft. =0.3048 m
Figure E.10 Uncracked Bridges by Girder Type, asa Function of Span Length

In generd, the cracked bridges have shorter span lengths than the uncracked bridges. More Typelll
girders crack than remain uncracked. Type VI girders tend to remain uncracked. Typell and TypelV girders
seem to be somewhere in between, with gpproximately equal proportions of cracked and uncracked bridges.
Interstate bridges crack less than the other route types and U.S. highway bridges tend to crack more often.
Three span bridges are the most common of the bridges in Missouri utilizing smple span PC |I-girder made

continuous.
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APPENDIX F
J. Myers, A. Nanni, and D. Stone

LOGISTIC REGRESSION ANALYSIS
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PROGRAM FILE:

options |s=72;

data bridge;

infile 'bridge.data';

input id dist co rt skew | ength spans gtype gspace endspace secl sec2
sec3 adt tfs afs crackd percntc garea pfoot sfoot ;

rtdi1=0; rtd2=0;

if rt=2 then rtdl=1;

if rt=3 then rtd2=1,;

if rt=4 the do; rtdl=1; rtd2=1; end;

if rt=1 then rtl=1; else rt1=0;
if rt=2 then rt2=1; else rt2=0;
if rt=3 then rt3=1; else rt3=0;

if dist<7 then tzone=0; else tzone=1

if dist=7 then aggzone=0;

if dist=8 then aggzone=0;

if dist=9 then aggzone=0; el se aggzone=1

gar ea2=gar ea*gar ea

gtd1=0; gtd2=0; if gtype=3 then gtdl=1; if gtype=4 then gtd2=1
if gtype=6 then do; gtdl=1l; gtd2=1; end;

spl =l engt h/ spans; gar spl =gar ea*spl

proc | ogistic;

nodel crackd= sec3 spl garea garspl rtl aggzone/ ctable fast
i nk=l ogi t;

OUTPUT FILE:
The LOG STI C Procedure
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Data Set: WORK. BRI DGE
Response Vari abl e: CRACKD
Response Levels: 2

Number of Observations: 134
Li nk Function: Logit

Response Profile

Or der ed
Val ue CRACKD Count
1 0 64
2 1 70

WARNI NG: 17 observation(s) were deleted due to m ssing values for the
response or explanatory vari abl es.

Model Fitting Information and Testing G obal Null Hypothesis BETA=0

I ntercept
I ntercept and
Criterion Only Covari at es Chi - Square for Covari ates
Al C 187. 495 143. 852
SC 190. 393 164. 137 .
-2 LOG L 185. 495 129. 852 55.643 with 6 DF (p=0.0001)
Score . . 42.860 with 6 DF (p=0.0001)
Anal ysi s of Maxi num Li kel i hood Esti mates
Par amet er St andard wal d Pr > St andar di zed

Vari able DF Esti mat e Error Chi - Square Chi - Squar e Esti mat e

| NTERCPT 1 -0.4793 5. 0369 0. 0091 0.9242 .
SEC3 1 0. 1804 0. 0405 19. 8278 0. 0001 0.611861
SPL 1 -0. 0664 0. 0835 0.6328 0.4263 - 0. 492969
GAREA 1 - 0. 0245 0.0124 3.9195 0. 0477 -1.511810
GARSPL 1 0.000342 0.000192 3.1940 0.0739 2.452062
RT1 1 1.8788 0.7220 6.7714 0. 0093 0. 346044
AGZONE 1 2.8704 1.1211 6. 5554 0. 0105 0.470160

The LOGE STI C Procedure

Anal ysi s of
Maxi mum Li kel i hood
Esti mat es
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Odds
Vari abl e Rati o
| NTERCPT .
SEC3 1.198
SPL 0. 936
GAREA 0.976
GARSPL 1. 000
RT1 6. 546
AGGZONE 17. 645

Associ ation of Predicted Probabilities and Observed Responses

Concordant = 84.8% Soners' D = 0.697
Di scordant = 15.1% Gama = 0. 697
Ti ed = 0.1% Tau-a = 0. 350
(4480 pairs) c = 0. 848
Cl assification Table
Correct I ncorrect Per cent ages
Pr ob Non- Non- Sensi - Speci- False False

Level Event Event Event Event Correct tivity ficity POs NEG

0. 000 64 0 70 0 47. 8 100.0 0.0 52.2 .
0. 020 63 4 66 1 50.0 98.4 5.7 51.2 20.0
0. 040 63 8 62 1 53.0 98.4 11. 4 49.6 11.1
0. 060 63 8 62 1 53.0 98.4 11. 4 49.6 11.1
0. 080 63 10 60 1 54.5 98. 4 14.3 48. 8 9.1
0. 100 63 12 58 1 56.0 98.4 17.1 47.9 7.7
0.120 63 14 56 1 57.5 98.4 20.0 47.1 6.7
0. 140 63 17 53 1 59.7 98.4 24.3 45. 7 5.6
0. 160 61 20 50 3 60. 4 95.3 28.6 45.0 13.0
0. 180 60 26 44 4 64.2 93.8 37.1 42.3 13.3
0. 200 60 30 40 4 67.2 93.8 42.9 40.0 11.8
0. 220 60 35 35 4 70.9 93.8 50.0 36.8 10.3
0. 240 59 37 33 5 71.6 92.2 52.9 35.9 11.9
0. 260 58 39 31 6 72. 4 90. 6 55.7 34.8 13.3
0. 280 56 41 29 8 72. 4 87.5 58. 6 34.1 16.3
0. 300 55 43 27 9 73.1 85.9 61. 4 32.9 17.3
0. 320 55 45 25 9 74.6 85.9 64.3 31.3 16.7
0. 340 54 46 24 10 74. 6 84.4 65.7 30.8 17.9
0. 360 54 46 24 10 74.6 84.4 65.7 30.8 17.9
0. 380 53 46 24 11 73.9 82.8 65.7 31.2 19.3
0.400 53 47 23 11 74.6 82.8 67.1 30.3 19.0
0.420 53 49 21 11 76. 1 82.8 70.0 28.4 18.3
0. 440 51 52 18 13 76.9 79.7 74. 3 26.1 20.0
0. 460 51 52 18 13 76.9 79.7 74. 3 26.1 20.0
0. 480 51 53 17 13 77.6 79.7 75.7 25.0 19.7
0. 500 49 54 16 15 76.9 76. 6 77.1 24.6 21.7
0.520 48 54 16 16 76.1 75.0 77.1 25.0 22.9
0. 540 45 54 16 19 73.9 70. 3 77. 1 26.2 26.0
0. 560 44 54 16 20 73.1 68. 8 77.1 26.7 27.0
0. 580 43 55 15 21 73.1 67.2 78.6 25.9 27.6
0. 600 41 57 13 23 73. 1 64.1 81.4 24.1 28.8
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APPENDIX G
J. Myers, A. Nanni, and D. Stone

BRIDGE MONITORING DATA SHEETS
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154

00388 Route A :&hannnrl Caunty Brcge A-4585 Job ne.  RE-BRF-1030{T)
Station  Rod Reading Red Reading Rod Reading Dech  Deck
Lef Cemter Right Temg  Temp
i (L] {fth Top  Baottom
(Abutrment | 24T 0D | 1.74 1.55 176 128 57
4545140 | 134 1.72 1.98 127 ==
Piar#4  246+130 23 2.08 224 126 &G
245+90 40 | 255 233 258 123 [
Pier#3 = 545700 | 284 LGB 284 126 1]
245420 40 ERES 291 315 127 24
Plar#2 = 24449600 | 3.308 3.21 342 124 85
2446840 | 364 344 369 123 5
Plar#1 | 244435 80 jaz 374 395 123 [
24440740 | 404 388 412 123 &S
Abutment M3+T680 | 4355 42 4435 12510 9630
Assumed HI | 00 3680
| Measured Theoretical Deck | Measured Theoretical Deck | Measured Theoretical  Deck
| Elevation  Elevation  Rise | Elevation  Elevation  Rise | Elevation  Elevatien | Rise
ift) i fim) 1] ] {im] (ft} i) iin)
Abutment. 24847780 | 98380 9% M0 aooo | Ssa80 92450 0.000 98.240 Q&340 | 0000
ME+51.40 | GE 06D a7 L 0860 #2E0 ag 135 1140 98.020 argrs | 0840
Plerad 2E+150 S7.7T00 ar.7od o.ooo 97820 87.620 0.000 47710 arrin 0.00a
2450040 | 97450 a7 405 0540 | S7670 a7 B30 0480 4743 7435 | 0040
Plar#2 24545700 | 97110 710 n.ono 27540 A7.340 .00 A7 16D BT.60 | 00
St 2040 96 360 s B 0000 | @roan 97065 0,300 96,850 A6AT0 0240
Piar#2  M4+0600 | 95610 96 610 nono | 96 7e0n 06 790 0000 96 580 EEA0 | 000
J444BE40 | 96360 96,345 0180 | 98560 8E.525 0420 96.310 86315 0080
Piar#1 | 244435 00 96,080 S ) 0onn | o6 280 a6, 260 0.000 96,050 G 060 0.000
24440740 | 95910 95 B35 0630 | S81z0 8E.030 1.080 95,660 85813 | 0B
Abutment. 243+76.80 | G565 95 635 0000 | S5800 95800 0.000 45575 Q5575 | 0000
Sirdar [177 T T TE T
Tamp g274 77 75 75 76
g3 74 ji] 13 TETT
Gk 1 Girckar 2 Girder 3 Sirdard
100EME Route A :shanmn County Bridge A-4565 Jobne.  RES.BRF-1030(T)
Station |Red Reading Rod Reading Rod Reading Dech  Dech
Lelt Center Right Temg Temp
| " ) Tep  Bottem
Abutment | 248477 G0 17 | 55 1 74 Fi) Az
24545140 | 193 1.72 1.88 T B2
Piar#d  246+180 | 2.6 207 228 1] 23]
245+3040 233 133 256 ] 28]
Piar#3d 24546700 | 136 164 281 T EQ
4542040 | AN 29 an T B0
Plar gz | 244+896.80 3.36 37 3.38 T 59
4446240 EX R 68 T £
Pler#1 = 24443590 | 386 it i Tz B
244407 40 405 385 408 T3 B0
Abutment | 243476 0D | 413 418 437 71.00 80,20
AT=
Aasumed HIL | an 108D
. Measured Theorelical Deck | Measured Theoretical  Deck | Measured Theorstical  Deck
| Eevation  Elevation  Rise | Elvation  Elevation  Rise | Elevation  Elevation  Rise
. m it fim) ) i {in e M dn)
Abuiment | 246+ 77 80 943,300 95300 0000 | S3.450 96450 0.000 48 260 Q6 G0 0.00
MEA5140 | SBOT0 g 020 OA00 | 283280 0g 190 1.080 98.020 arean | 02E]
Piersd = 2484180 | 47740 T 740 anon | &7.430 47830 0.000 47 70 aran | 0000
245480 40 arAaTn a7 440 Q360 | @7 6w a7 45 0300 474400 a7 455 140
Plargd | 24545700 | 97140 7.140 onon | 97 380 a7.2480 0.000 47150 ar.1an | 0o
512940 | 95340 A B0 0000 | &7 100 a7as 0080 A6 B0 Qb 200 0120
Flar#2 | 244496 00 965,540 GE £40 ooon | @6aan OE B30 0.0 96.610 QEEI0 0.00m
4448840 | 95400 e 0240 | 98500 08585 0.300 96,350 GEAS0 | 0000
Piar#1 | 244+3500 | 96120 a6 13 0000 | 96300 Q6300 | 0.000 06,050 GECAND | 000
244407 40 293950 95.810 0480 26,150 BE6.073 0,800 95.820 2560 ora
Abutment | 243+7E 80 | 95700 95700 0000 | @5850 95850 0.000 95,630 5630 | 0000
Girdar A7 56 STET 5460 55 50
Tarmp 55 95 o4 55 557 758
56 54 54 56 =5 56 57 61
Sindar 1 Girdar 2 Sirder 3 iSidard
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OEHS8  Route &  Shannon County Bridge A-8555 Jobno.  RE-BRF-1030T)
25 am
Station  Rod Reading Rod Reading Rod Reading II:IH:H Deck
Left Canter Right Temg Temp
i iy i Top Bottom
Abutment | 246+T7 40 f.01 4715 e ) T4
2E-+51 .40 dBTS 443 .61 ar I
Fiar #1 245+13.0 443 4.245 £ A0S 7] k]
24548040 4183 2485 493 2] 7
Fiar #3 | 245+57480 3945 e | 3855 ar 7
24542040 34 3.405 305 g 7
Fiar #2 = 244+0690 M 3125 3305 a7 7
Zad+BEAD 2474 277 2.0 ] TH
Flar#1 | 244+3540 AETA 248 265 ) 7
244407 40 2245 2005 i | el 7
Abiiment | 24347630 1875 1.6885 1745 4780 T7.50
HT=
Azsumed H 108 410
Measured Theorelical Deck | Measured Theoretical Deck | Measwred Theorelical Deck
Efevation  Elevation Rige | Elevation Elevation  Rise | Elevation  Elevation  Rise
i i () ki i finf i i) fin
Ahutment ;. 296+77 40 4 LA0 E SR Q00 e ] 95285 0000 | 95230 5 230 (.00
24E451.40 95335 o5.355 0840 955710 955m 0.Ean 95.390 95413 -03m
Flar #4 246+-15.0 95530 25.520 Q000 === 95755 0.000 95.545 95545 .00
245+8040 95815 S5.738 0330 BS050 SE0Z3 0.330 95.850 B5.ETO -0:240
Fiar#3 245457390 96.055 96,055 0,000 85200 96280 0.000 96145 23,145 0.000
2495+2040 6260 AT -[1.154) e A0G HE 583 0950 | 96295 G40 DA
Fiar #2  Z44+0690 Q6.0 ] (XA ] WEATS HEATS 0000 | 9665 G5 Q00
2446840 ar.0% Ay g 020 GraM a7 15 0240 | 9r.mo arid -naE
Fiar#1 = 294+2590 ar.2ls a7 225 o uran arsa 000 | 9r.aa0 Gr.A50 .00
204407 40 qT.755 a7y 735 iE]=1] B a0 qraH 0&i0 | 97.740 GrEld 0450
Abulment . 24347680 95125 93125 ool B335 85335 0.0o0 98 255 &5 255 0.0
Girckar &S ThTT TETT TTTE
Temp ™75 TG JEI TS TG TT
TaIT4 TE TS 75 T4 7377
&1 .74 75 T3 T5 74 TS TT
79 77 TE T4 TS 74 TH  TE
Girdar | Gidar 2 Giidar 3 Girdar 4
06188 Route & Shannon County Bridge A-8565 Jobno.  RS-BRF-103MT)
2:00 p.m
Station  Jod Reading Rod Reading Rod Reading [Ceck  Dock
Left Center Right Tems Temp
i3] N i Top  Battam
fhutment | 246+7740 5.2 505 5.27 el &
246+5140 549 527 553 ur il
Fiar#q = J6+18.0 685 5 585 100] &7
2AE+50A0 B.12 &5 B.15 gl [
Fiar#3  245+57480 645 523 B A0S BT &4
245+2840 6.72 548 6.72 =] B3
Fiar#2 | 244406490 6.05 ETE =1 o5 BS
JA4+6E 40 T.215 .05 125 o [l
Far#1 | 24+3540 15 105 T Al ur il
294407 40 ] 7445 TETS ) il
Abutment | 243+TEA0 T 74 T 48,10 £6.50
AT=
Azzumad H.| 1080 1260
Measwred Theorebcal Deck | Measured Theoretical Deck | Measumed Theorebcal Deck
Elevation Elevation Rise | Elevalion  Elevalion Rige | Elevatlion Elevation Rige
) ) (] L] L] {in} [i41] i iinp
Abutment ) 246+T7 A0 M7 24 770 ) G4 950 94 95 000 | 94730 G4 T30 0.000
2496+51.40 4500 24 460 el G4 7] 4 555 000 | 94470 04438 0.240
| Flard | MEe180 | 947500 0 94150 0000 BAAED G430 0000 | 94145 0 84145 QL00 -
24548040 93 580 93845 0420 o4 005 94 065 0.380 93850 93870 -0240
Flar#3 245457480 93 540 93.540 ool g2.770 83770 0.0 93.595 035385 0.000
24542040 93,260 =3.230 -0120 82570 93495 0.150 93.780 G3.200 -0.240
Fiar #2 | 244486480 93.0d0 S5.040 0aod g32m 932:m 0.00o0 93.005 G3.0ms5 0.mn
24446840 92 735 S2.770 A1) 298 q2954 03230 | 92750 a0 0.000
Fiar#1  244+3540 92500 22500 0 U2 A 92654 0000 | 92495 2495 0.000
244407 40 42.240 @2 M5 CIGED b2 555 492474 0830 | 92325 2 5 0440
Abitment | 293+T6A0 42,070 L2070 eJil ] 2 260 9226 0000 | 92075 2075 Q.00
Girdlar [RICA RN EIOEK [IRCE]
Tamp B2 T T4 JO. T8 a0
53 TR T TETY 470
B4 40 T TR TETE T4
£330 TETT 7T 77 73 TQ
irckir 1 Ginder 2 [T T GArdar 4
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B854 Rt 72 Phelps County Bridge A-&4736 Jobno.  JSPOITTD
Smuen  Iod Reading Rod Readsing Rod Reading [Deck  Dreck
Left Center Right Temp Temp
i [ i Tep  Beoftem
Abufrmant 1747593 785 T.ED B1 118 ar
17408 33 A 734 Et-e] 117 0
Pier #2 17+4272 TA% 6.03 149 11& oe
174456 22 G.TE 5.63 7.2 118 a5
Pier #1 170072 B41 6.25 617 15 a5
17+443.11 S04 5S.E3 B.25 114 ]
ARUITENL 17465 D93 a41 5.6 12 a5
121 4
121 a5
115 T
118,10 96,40
AT=
HAssimed H.l 100 2370
Measured Theoretical Deck | Measured Theoretical Deck | Measwed Theoretical Deck
Elevation  Elevation  Rise | Elevation  Elevation Rise | Efevation  Elevation  Rise
i) {ft) {in) (a4} i fink 1) (i} ()
AbUTEnt 17 -5 a3 g2 150 92750 0.0 2310 B2310 0.00n 91.800 91.800) Qann
1795035 2 500 42485 Q180 2 Gif GREES | -D0ED ) 92470 2 20 =042
Pier #2 177+E272 gza20 92 E20 0.00a 93.020 93030 0.000 92.510 92510 2aon
17+456 22 o32z0 #1305 0160 23370 HAZES 0180 926D WAET] Q10
Pier #1 170072 Gl a0 93590 000 | sd.rs CEATED D00 93,230 I ogon
17+043.11 B4 060 94 030 0.3E0 =170 84170 0.000 H3.650 S3.670 -0.240
Abubmant 174385 4 470 M 470 Q.00 4 5] 4 5000 0.omo 94110 4110 Q00
Girder ] a2 =] 492 EL
Temp
ol @ 0 [} |0 bale]
o4 o1 a8 27 a0 an
Wazi East
DEHEEY Rt T2  Phelps County Eridge ALTH Jokng,  JSPOITTD
a5 pm
Station  Jod Reading Rod Reading Rod Reading [Deck  Deck
L&t Center Right Temp  Temp
i i} {m Top  Battam
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APPENDIX H
J. Myers, A. Nanni, and D. Stone

ELASTIC ANALYS SCALCULATIONSFOR THE AASHTO POSITIVE AND NEGATIVE GRADIENTSAPPLIED TO A
SQUARE CROSSSECTION
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Exact solution of the simply supported square beam
with AASHTO + and - gradients applied

1. Define the congtants
(al units are inches, pounds, and degrees Fahrenheit)

a:=60-10° c:=6 ycg:=12—c
o o 1 _ 3
E := 5000000 Area =144 | =5 | =1.728-10
2. Define the thermd gradients
y:=0.12
Tpos(y) = @ if 0<y<8 Treg(y) := w if 0<y<8
W+ 12 otherwise 5~ (46— f) (y-8) _ 6 otherwise
3. Define the thermal stresses
spos(y) :=-(E-a-Tpos(y)) sneg(y) :=-(E-a-Tneg(y))
= spos(y) = = sneg(y) =
0 0 0 0
1 -45 1 225
2 -90 2 45
3 -135 3 67.5
4 -180 4 90
5 -225 5| |1125
6 -270 6 135
7 -315 7| |1575
8 -360 8 180
9 -615 9| |307.5
10 -870 10 435
11| |-1125 11| |[562.5
12| |-1380 12 690
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4. Define the Continuity Stresses

positive gradient
12
Ppos := [ E-a-Tpos(y)-12dy Ppos = 5.904-10°
40

12
Mpos ::J- E-a -Tpos(y)-(ycg-y)-12dy Mpos =-171810°
0

sposf(y) :=spos(y) + m + Mpos-

(ycg-vy)
|

negative gradient

12
Pneg = [ E-a Tneg(y)-12dy Pneg =-2952.10"
/0

12
Mneg ::J- E-a Tneg(y)-(ycg-y)-12dy Mneg = 8592-10"

0
snegf(y) :=sneg(y) + Pneg + Mneg-w

y= sposf(y) = y= snegf(y) =
0 -186.667 0 93.333
1 -132.222 1 66.111
2 -77.778 2 38.889
3 -23.333 3 11.667
4 31.111 4 -15.556
5 85.556 5 -42.778
6 140 6 -70
7 194.444 7 -97.222
8 248.889 8 -124.444
9 93.333 9 -46.667

10 -62.222 10 31.111

11 -217.778 11 108.889

12 -373.333 12 186.667
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APPENDIX |
J Myers, A. Nanni, and D. Stone

DESGN EXAMPLE
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.1 BACKGROUND

The design example was performed on Bridge A4565, which isthe cracked bridge that was used for monitoring purposesin
this project. The design and construction of the bridge was conducted under project number RS-BRS-1030 (7). Bridge A4565 uses
Typelll girders; their properties are outlined below.

Strand

— t Centerline of End of Girder
Prellmlnay cdmlatlonsfor the design exgaaple were supplied by MoDOT. Included in these

Di
caculationswas mForerrn f%eﬁl%om geometry, loading, moments, and prestress losses. The moments used in the

design example were provided by the computer program BR200. The design example stress cd culations were
performed at the end of the digphragm on the span (2-3) girders, since thisis alocation where many cracks were
observed. It should be noted that the strand arrangement detailed above is used only for spans (2-3), (3-4), and
(4-5), since the design example focused on span (2-3).
Traditionaly, the allowable stress va ues recommended by AASHTO are used to design bridge girders.

The allowable concrete stresses at service loads after prestress |osses are outlined as follows:

The allowable compressive stress can be calculated by 0.40f, , which, for a5000-psi concrete

(34.45-MPa), isequa to 2000 ps (13.78 MPa).

The dllowable tensile stress can be calculated by 6,/ f, , which, for a5000-psi (34.45-MPa)
concrete, is equa to 424 ps (2.92 MPa).
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.2 DESIGN EXAMPLE CALCULATIONS

Girder Geometry

Area of a Type |l girder (in2) Areag =381 9
Moment of inertia of a Type Il girder (in®) Igirder :=61341
Composite area of the girder and the deck Areagd =109

(93" effective flange width and 85" deck
thickness) (in?)

It may be noted that the entire deck thickness of 8.5" was used in this design example. This
was done in order to be consistent with AASHTO (1998) and the simplified approach for
therrmal stress calculations outlined in Section 8.4 of this report. This is contrary to MoDOT
design procedure, which would use an effective deck thickness of 7.5" (the entire deck
thickness minus 1.

Composite moment of inertia of the girder Izd :=235900
and the deck {in¥)

Length of the girder (CL bearing to CL bearing) {in) L:=714

Distance to end of diaphragm fram end of girder li=(2 124047
(lacation where the stresses will be checked) (in) =13

Center of gravity of the girder {fram bottorm) (in) yogg = 1702

Center of gravity of the strands at the yogse =371

centerling of the girder (from bottorn) (in)

Center of grawity of the strands at the yogse = 16,57

end of the girder (fram bottom) (in)

Composite center of gravity (distance ch :=3407

fram the bottom of the girder) {in)

Calculation of Girder Stresses Due to Dead and Live Loads

Eccentricity varies with location because the tendons are draped. A linear variation is
assumed for simplicity.

Maximum eccentricity (in) BCMNAX (= VOZE — YOgsc

ectax = 1337

binimum eccentricity (in) EBCHNiN (= YOgg — yogse

ectritn = 0.51

163



Sequence 9: Cracking in Prestressed |-Girder Bridges Sequence 12: PCI Girder Cracking Phase I1: Causes and Design Detail

Determine the eccentricity of the strands at the location being checked.

ec .

. BCINAY — eCtnin

1+ ectrin ec = 1085
2905

The full effective prestress force (transfer length not considered) in span 2 is used in the

stress calculations.

Frestressing force (kips) P =356.74

There are three moments to consider in the stress calculations, the non-composite dead
load (the weight of the deck and the girders), the composite dead load (barrier curb and
future weating surface), and the H=20 live load. There are two live load conditions to
consider which are outlined by AASHTO. The first is the truck loading and the second is
a uniforrmn distributed load over the lane, which is referred to as the lane load.

Forthese calculations, a linear interpaolation was done between the end of the girder and the
0.17L location to deterrmine the moments at the face of the diaphragm. These moments are

slightly conservative.

Mon-composite dead load moment (kip-in) LIdll =2852
Composite dead load mament (kip-in) LId12 :=- 1770
Live load mament, lane loading (kip-in) LA :=- 4869

Sigh Corvention for Design Exarmple:

It may be noted that a positive stress denotes tension (4],
while 3 negative stress denotes compression ().

P Pecly-yoge) g - VRER) ¥ o b gy ¥och

v o=0,0.5.39

Distance from
the haottorm of
the girder y

Igirder Izirder Igzd Igzd
Maote that the units of afy) are ksi

a(0y-1000 =- 1921107 y = O inches, bottom of girder

a(30%.1000 =-750204  y =39 inches, tap of girder

40 T T

¥ 1T o

-1500  -l000 - S00 0
& ¥)-1000

Figurel.2 StressesDueto Dead L oad, Live Load and Prestressing
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Calculation of Girder Stresses Due to Thermal Gradients

Define the thermal gradients

Modulus of the girders (psi) Eg ‘= 570005000
Modulus of the deck (psi) Ed := 370004000

Modulus values are based in the design concrete strengths for the deck and girders and
are calculated according to AASHTO (1998) Section 8.7.1.

Coefficient of thermal expansion (infinfdegree F1 o =610

Coefficient of thermal expansion selected in accordance with AASHTO [1998).

AASHTO Positive Gradiant AASHTO Negative Gradient
|-
Tpos(y) = |———= if 02y=3 Treg(y) = -1n+4-% if 0<y<d
(-3 e
dooy FESyEBS -rs+4-_(5"; D i azy212

A4 (y—355) if 35529435 (g 12
S242t T gep e 378
0375

12+34-w othersise
4 0 if 213752y =26.125

28D -9 4 561355y sas s
REY

34 4-@ if 3555y <35

64175857 ey sepenrs
4

Define the thermal stresses - fully restrained

Thermal Stresses due to positive gradient, fully restrained (psi)

(-(Eg-c-Tpos(yy)) o y=39
(-(Ed-o-Tpoa(yi)) othenwise

Tpos(y) =

Thermal Stresses due to negative gradient, fully restrained (psi)

(-(Eg-o-Tnegly) if y=30
(-(Ed-c-Tneglv))) otherwize

oneg(y) =
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Define the thermal stresses-unrestrained

Center of gravity of the composite section (deck yog i=ch
and girders, measured from the bottam of the
girder. {in)

“alues for resultant force and moment are from the simplified approach outlined in
=ection 3.4

Resultant force for positive gradient (Ib) Ppos :=345030

Resultant force for negative gradient (lb) Preg 1= 191115

Resultant morment for positive gradient {Ib-in) Iipos :=- 3078440

Resultant moment for negative gradient (1b-in) Iineg = 952320

Thermal Stresses due to positive gradient, unrestrained (psi)

Oposti ) = opos(y) + i L Mpos-
Areagd Izd

Thermal Stresses due to negative gradient, unrestrained (psi)

f,l'negft}r:] = O’neg(},r:] + Pni + Mneg-m

Areagd Izd
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Combination of Girder Stresses

Combination of loads and positive gl =iy 1000 + gposiy)
thermal gradient, fully restrained
(psi)

40 | | |

30— -

¥ 20 -

- -

0 | |

2500 - 2000 - 1500 - 1000 - 500

wlx)

Figurel.3 Stresses Dueto L oading and Positive Thermal Gradient, Fully Restrained

Combination of loads and positive

thermal gradient, unrestrained 02(y) = 0(y) 1000 + oposty)
(psi)

40 | | |

0 —

¥ a0 - —

- —

o | | |

= 2500 - 2000 - 1500 - 1000 - 500

Y]

Figurel.4 Stresses Dueto L oading and Positive Thermal Gradient, Unrestrained

[] Exceedsalowable

167



Sequence 9: Cracking in Prestressed |-Girder Bridges Sequence 12: PCI Girder Cracking Phase I1: Causes and Design Detail

Caombination of loads and negative

thermal gradient, fully restrained o3y = a(y) 1000 + oneg(y)
(psi)

40 T T

30 =

¥ 20 - =

0 —

o | |

<2000 - 1500 - 1000 - 500

w3y

Figurel.5 Stresses Due to L oading and Negative Thermal Gradient, Fully Restrained

Combination of loads and negative _
thermal gradient, unrestrained 04y := 0(y) 1000 + onegfly)

(psi)

40

30—

¥ 20—

| | | |
'UIEEIEI -1600  -1400 -1200 - 1000 =200

Ly

Figurel.6 Stresses Dueto L oading and Negative Thermal Gradient, Unrestrained

It may be noted that the solid portions of the stress distributionsillustrate the regions where the all owabl e stresses are exceeded.
The region where the allowable stressis exceeded is near the bottom of the girder; the allowable compressive stressis exceeded. 1t
may also be noted that a compressive stress in excess of the allowable compressive stressis not a guarantee that cracking will occur.

[.3DISCUSSION OF RESULTS

Additional stress calculations were made at varying points along the length of the span-2 girders. Thiswas done to gain a better
understanding of the stress distribution along the length of the girders. Tablel.1 outlines the allowable concrete stresses used for the
design example. Tables|.2 through .5 summarize the stresses at the top and bottom of the girder for the conditions of positive live
load moment, negative live load moment, and zero live load moment, at the various locations. Tables|.2 and |.3 illustrate the results
for the positive gradient in the fully restrained and unrestrained conditions, respectively. Tables|.4 and |.5 illustrate the results for the
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negative gradient in the fully restrained and unrestrained conditions, respectively. It may be noted that the shaded cellsin Tables|.2
through I.5 indicate that the value exceeds the allowable stress. The nomenclature “f.0.d.” stands for “face of the diaphragm.”

Tablel.1 Allowable Stress Valuesfor Design Example

Compression Tension
2000 psi -424 psi

Note: 1 ps = 6.89 kPa

Tablel.2 Girder Stresses Positive Gradient — Fully Restrained

+LL -LL NoLL

(psi) (psi) (psi)

f.o.d. top -1064 -940.6 -1042
bottom -1187 -2042 -1339
A*L top -1502 -1402 -1479
bottom -746.9 -1439 -901.6

2*L top -1816 -1688 -1754
bottom -172.8 -1060 -600.5

3*L top -1931 -1783 -1838
bottom 175.7 -853.7 -472.0

Note: 1 ps =6.89 kPa, 1 in. = 254 mm

Table!.3 Girder Stresses Positive Gradient — Unrestrained

+LL -LL NoLL

(psi) (psi) (psi)
f.o.d. top -683.1 -5595 -661.2
bottom -1315 -2170 -1466
A*L top -1121 -1020 -1098
bottom -874.4 -1567 -1029
2*L top -1435 -1307 -1373
bottom -300.3 -1188 -728.0

3L top -1550 -1401 -1457
bottom 482 -981.1 -599.5

Note: 1 ps =6.89 kPa, 1 in. = 254 mm

Tablel.4 Girder Stresses Negative Gradient — Fully Restrained

+LL -LL NolLL
(psi) (psi) (psi)
f.o.d. top -792.2 -668.5 -770.3
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bottom -824.6 -1679 -976.1
AxL top -1230 -1129 -1207
bottom -384.2 -1076 -538.8
2L top -1544 -1416 -1482
bottom 190.0 -697.3 -237.7
3L top -1659 -1510 -1566
bottom 5384 -490.9 -109.2

Note: 1 ps =6.89 kPa, 1 in. = 254 mm

Tablel.5 Girder Stresses Negative Gradient — Unrestrained

+LL -LL NoLL

(psi) (psi) (psi)
f.o.d. top -987.6 -863.9 -965.7
bottom -862.6 -1717 -1014
A*L top -1425 -1325 -1403
bottom -422.1 -1114 -576.8
2*L top -1740 -1611 -1678
bottom 152.0 -735.3 -275.7
3L top -1855 -1706 -1761
bottom 500.4 -528.9 -147.2

Note: 1 ps =6.89 kPa, 1 in. = 25.4 mm

The results of the girder stress andyses indicate that there are four locations of the eight investigated
where the allowable stresses are exceeded in span 2 of the bridge. Based on these results, the conclusion was
made that the design parameters used are insufficient for this bridge structure. While exceedance of the the
alowable tensle stresses can be accomodated through the use of additiond tensile reinforcement or a
modification in the tensle reinforcement layout, the exceedance of the alowable compressve stress may
warrant a change in the girder type or an increase in the concrete strength. With magnitudes of 0.3 to 1.3 times
the stresses due to dead load, live load and prestressing, clearly, therma stresses must be considered in the

design process to avoid an overstress within the member.
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J MYERS, A. NANNI, AND D. STONE

SUGGESTED BRIDGE MONITORING

171



Sequence 9: Cracking in Prestressed |-Girder Bridges Sequence 12: PCI Girder Cracking Phase I1: Causes and Design Detail

It is clear from the measurementstaken at Bridges A4565 and A5736 that the thermal gradients experienced by Missouri
bridges have the potential to cause differential upward deflections on the order of 0.30 in (7.62 mm). Furthermore, the thermal stress
analyses performed indicate that thermal stresses developed in Missouri bridges are on the order of 0.3 to 1.3 times the stresses
developed due to dead load, live load and prestressing. These observationsillustrate the potential the thermal gradients have for
causing cracking like that experienced by many Missouri bridge structures. To verify the strains experienced due to these thermal
stresses, it is proposed that a more in-depth monitoring of the cracked bridge, A4565, be performed. The existence of cracksin the
bridge girders and the environmental exposure required for long-term monitoring presents an instrumentation challenge. A pilot study
has been performed to validate a potential strain-monitoring instrument.

The extensometer EFPI strain gage, a fiber optic sensor, produced by Luna I nnovations was the instrument selected for potential
use. The advantages of using the fiber optic gage can be outlined as follows:
Minimal structural intrusion is necessary for gage application. Only asmall groove in the member is necessary for application of
the gage. In this application, the groove would be made in alocation where the concrete is not contributing to the structure
performance of the member, due to the existence of cracks.
The small size of the gage makes it easy to conceal in afield application where vandalism is often a concern.
The fiber optic gages have excellent fatigue characteristics. Fatigue of the instrument is a concern for long-term monitoring of
bridges due to the nature of loading.
These characteristics lead to selection of this gage. See Figure J.1 for aschematic of agage.

Temporary Adhesive

Q Figur, meter EQPI Strain Gage
| ]

Thestrain gageis applied tyfﬁe member With;,pérmane adhesiyeﬁt three locations as outlined in Figure J.1. Oncethe
permanent adhesive R&SEGES {RE §2g&1sRERed to approxi maIé%ﬁ;LTF (1Q?°C) for %éni nutes. This heating will evaporate the
. Adhesive Application . ica Cepi Iaéy Tub .
temporary adhesive, making the gpage capabl e of sustaining alarge amount of deformation. Extreme careis necessary to apply the

permanent adhesive to the proper locations. |f the permanent adhesive were to be applied at the interface of the fiber and the capillary
tube then the gage would not function properly. Figure J.2 displays a picture of the fiber optic gage. The locations of permanent
adhesive application are also illustrated in Figure J.2. The relative size of the gageisillustrated to scale with the tip of apen.

In order to validate the strains read from the fiber optic gage, amore traditional strain measure device (LVDT) was used for

comparison.
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Permanent
AdheSI ve

s

Figure J.2 Close-up of the Fiber Optic Gage

Thetest setup isillustrated in Figure J.3. The member tested was a previously tested prestressed beam of dimensions 6 in. by 12
in. (152.4 mm x 304.8 mm), with alength of approximately 9.5 feet (2.9 meters). Loading was accomplished through the use of a 30-
ton (267-kN) jack that was centered 5 feet (1.52 meters) from end “B” of the beam; this was al so the |ocation of the monitored crack.
The load was applied using four-point loading, with the use of a 2-ft (0.61-m) spreader beam.

The load was applied incrementally and in cycles; so that the behavior of the beam could be monitored as the load increased
and the repeatability of the measurements could be verified. Each load increment was 2000 Ibs. (8.9 kN), with the cycles outlined as
follows:

Cycle 1 — the member was loaded up to 8000 Ib. (35.6 kN) and then unloaded to 2000 Ib. (8.9 kN)
Cycle 2 — the member was |oaded up to 20,000 Ib. (89 kN) and then unloaded to 10,000 Ib. (44.5 kN)
Cycle 3— the member was |oaded up to 20,000 Ib. (89 kN) again and then unloaded completely.

The results of the two deflection measurements can be seen in Figure J.4.

Reaction Beam

L oad Cell /

Specimen /Jack
\ M — Spreader Beam
End End
- % o

A T Y
|4 < LL J

|1ft 71t

Note: 1 ft. =0.3048 m
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Figure J.3 Test Setup

The measurements by the fiber optic gage arein good agreement with the readings from the LVDT. Thereadingsfromthe LVDT
are slightly higher than those from the fiber optic gage due to the longer gage length of the LVDT as compared to that of the fiber
optic gage. The gage lengths were 4.69 in. (119.1 mm) and 0.21 in. (5.416 mm), respectively. The value of the strains were not
compared directly becausethe LVDT brackets were attached to the beam using an adhesive, rather than a bolt, causing the actual gage
length to be unknown. The gage length sited previously isthe edge-to-edge distance of the two brackets, however the actual gage

length would be somewhere between the distance from one inside edge to the other and the distance from one outside edge to the
other.
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Figure J.4 Crack Opening Versus Time

The limitations of this fiber optic gage areits size and the precision with which the permanent adhesive must be applied.
Prior to installation the gage is very sensitive and must be handled with care dueto therelatively low strength of the temporary
adhesive. Also, during installation the permanent adhesive must be applied in very small quantity and at exactly the correct location.
These two issues in combination limit the feasibility of effective gage usein some situations. Installation isasignificant criterion for
use on an existing bridge structure.

Further research is proposed to investigate the alternate use of afiber optic gage that does not involve the use of temporary
adhesive. While thistype of gage would have a smaller allowable strain, a suitable gage length can be selected to accommodate for
the anticipated strains. The stability of the gage prior to and during application, and the easier application procedure would likely be
the controlling factors.

If fiber optic strain gages are selected for |ong-term monitoring at a bridge, it is recommended that a temperature-measuring
device, such as athermocouple, be integrated into the monitoring program. Thiswould allow for a correlation between the thermal

gradient and the measured strain experienced by the bridge girders. A better understanding of the thermal effects and behavior of the
members would also result.
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