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ABSTRACT

DETECTION AND ANALYSIS OF DECK CRACKS IN A LONG SPAN
EMPIRICALLY DESIGNED BRIDGE DECK THROUGH EMBEDDED
SENSORY SYSTEMS

Mourad Y. Riad

Bridge decks exhibit premature longitudinal and transverse cracks leading to dramatic
decrease in their service lives. Because of safety concerns, state highway agencies are
overburdened by conducting annual visual inspections to detect signs of distresses in
bridge elements and to provide continuous records of the conditions of such bridges.
Those inspections are time consuming, and have multiple limitations which often yield
controversial outputs. In this study, an instrumentation based system is designed and
implemented on the Star City Bridge near Morgantown WYV, to provide more
sophisticated, and accurate methods to assess the structural performance of bridge
elements, and hence provide a rational method of making decisions about the condition of
such bridges. The instrumentation system consists of an array of more than 750 sensors
that provide continuous records of the triaxial state of strains in the concrete deck,
thermal map along the deck, opening of expansion joints at the bridge ends, steel girders
bending moments and shearing stresses, axial forces in the bracing members and angle of
inclination of the abutments. The traffic spectrum crossing the bridge is measured via a
weigh-in-motion system installed at one bridge approach and a weather station is
installed at the bridge proximity. An innovative approach for deck crack detection and
monitoring is established and analytical evaluation of slip strains in the deck system is
presented. The study involves detailed 3D finite element modeling of the multiple phases
of construction, and reasons of concrete deck cracks are explained through analysis of the
dynamic properties of the superstructure. Analysis of continuous time histories along 2
years showed that bridge decks are subjected to a variety of temperature gradients across

the deck system that are not accounted for in design procedures.



ACKNOWLEDGEMENTS

I would like to express my sincere gratitude and appreciation to my research advisor Dr.
Samir N. Shoukry for providing guidance and support through the entire course of this
work. His help, encouragement, and meticulous efforts were unlimited and indispensable

for accomplishing this study.

Sincere appreciation is also extended to Dr. David Martinelli, Dr. Gergis William, Dr.
Ken Means and Dr. Jacky Prucz, for serving on my examining committee. Special thanks
are extended to my colleagues and friends for their help during the course of installing

the instrumentation system.

My deepest and most affectionate feelings are expressed to my parents for their love,

care, support, encouragement and prayers throughout all my efforts.

The author gratefully acknowledges the financial support from the West Virginia

Division of Highways that allowed this research work to materialize.

il



TABLE OF CONTENTS

AB ST R A CT .. e il
ACKNOWLEDMENT S. ..o il
TABLE OF CONTENT S . ... v
LIST OF TABLES. ...ttt st ettt s viii
LIST OF FIGURES .. ... e ix
CHAPTER ONE INTRODUCTION
LT PIEEACE ittt et e 1
1.2 Problem StAteMENT ........ueiiieiiiiie ettt et e et e e e e e e e e 3
1.3 Incentive of Instrumentation based Bridge Health Monitoring ............ccccccceeeeennne. 4
1.4 ReSEArCh ODJECTIVES .....vviiieiiiiieeeeiiiieeeeiite e ettt e et ee e et e e st e e e e seabaeeesenteeeeenes 5
1.5 Research MethodOIOZY ......ccuveiiiiiiiiiiieiiie et 6
1.6 ScOPe OF RESEATCH ..o e e e e 8
CHAPTER TWO LITERATURE REVIEW
2.1 Literature review on bridge instrumentation for Long-term monitoring................ 10

2.2 Literature Review on Bridge Health Monitoring using Measurements of Modal

Vibration Parameters.........c.uuiiiiiiiiiieiiiiie et e 19
2.3 Review on Empirical Bridge deck design..........cccccuvvviieeiiiiiiiiiiiiieeeeeecieeeee e 23
2.4 Concluding Remarks ..........cccciiiiiiiiiiiiiiiiiiee e 26
CHAPTER THREE DESCRIPTION OF STAR CITY BRIDGE

3.1 INErOAUCHION ..ttt e et e ettt e e e e nbeee e eenaeeeeean 28
3.2 Reinforced Concrete Deck.........ooiuiiiiiiiiiiiiiiiiie e 30
3.3 Steel SUPETSIIUCLUIE. ... ..iiiieiiiiieeeiiiiee e ettt e eeie e e et e e e ettt e e e et eeeeestbeeeeennnneeeeas 31
3.4 SUDSLIUCTUIE ..ttt e et e e sttt e e et e e e ebeeeeeeans 33
3.5 Concrete Material TeStING.......ccceeeeriiiiiiieeeeeeeiiiiiee e e eeeiieree e e e e e e sirereeeeeeeennees 33

3.5.1 Specimen Preparation............coeiueieeiiiiiiie et 35

v



3.5.2 Compressive STrENZth .......c..eeviiiiriiiiniiieie e 36

353 Tensile Strength ........ccevviiiiiiiieee e 37
3.54 Modulus Of EIaStiCity ......ccceruiiieeriiiieeiiiiie et 38
3.5.5 POISSON’S RALIO ....vviiieiiiiiie e 41
3.5.6 Coefticient of Thermal EXpansion...........ccccuvvvvieeeeeeiiiiiiiiiieeee e, 42
3.5.7 Analysis of Concrete Material Properties ..........cccceeeeeecciviieeeeeeeeecineee. 43
CHAPTER FOUR INSTRUMENTATION SYSTEM
O B 6113 (014 10 (71101 DTSRI 49
4.2 Instrumentation ODJECTIVES ......uuviiiieiieiiiiiiiieeeeeeeeeiiieee e e e e e e e eeeraaeeaeeeeesesseesaeeeeas 50
4.2.1 Structural DeSiZN aSPECLS: ..uuvvviriieeeeeeiiiiiiieeeeeeeeriiieeee e e e e e e eerareeeeeeeens 50
4.2.2 Enhance Bridge Maintenance Strategies...........ccueevvuveeriiveeniiveeniieeeniieeenns 50
4.2.3 INfrastructure SECUTTLY .......eviiiiiiriiiiiiiee et 51
4.2.4 Forensic Studies of Reasons for Structural Deterioration....................... 51
4.3 SENSOTY SYSLEIM.....eiiiiiiiiiieeeiiieeee ettt e ettt ettt e sttt e e et e e e seree e e e seneeeeenenneeens 51
4.3.1 Measurement of Response Parameters..........cc.vvveveeeeeiiiiiiiieieeeeeeescinne, 52
4.3.2 Measurements of Loading Parameters ...........cccceeeeeeeeeeniiiiiiiiieeeeeeeeee, 67
433 Data ACQUISIEION SYSEEM.....uuuiieeiiiiiieeeiiiiee et eeeeeiie e e e eeeeieeeee e 70
4.3.4 POWET SUPPLY .eeviiieeeeee e e 73
4.3.5 CabIES TOULS ....veeeiiieeiittee et 75
4.3.6 Challenges during Sensors Mounting ..........cccccceeveveeerieeeniiieenieeenineeennnn 77
CHAPTER FIVE FINITE ELEMENT MODELING
5.1 TNEEOAUCLION ...ttt sttt et e s e e 80
5.2 MOdEIS GEOMELIY ..cuuvieiiiieiiiieeeiitee ettt ettt ettt st st e s e e e eas 80
5.3 ElEMENtS PIOPETLIES ..occueeeviiiieeeeeeeiiiiiieeeeeeeeeeiireeeeeeeeeasnntrrreeeeesessnnnnssreeaaeessannns 87
53.1 Shell EIBMENES ......eeiiiiiiiiiieiiiie et 87
532 Beam EIements ........coouuiiiiiiiiiiiiiice e 88



5.4 Material MOAEIING ........oeiiiiiiiiiiiiiee e e 89

5.5 Boundary COnditiONS .........uveeeeeeeeiiiuiiiiieeeeeeesiiiiieeeeeeeeesseerrreeeeeeeesnnssreeaaesssnnnns 90
5.0 IMESHING .ot e et e e e e e ettt e e e e e e et aeeaaeeeeaannes 93
5.6.1 Meshing of Shell Elements..........cooceeiviiiniiiiniiiiniiciceececeeee 93
5.6.2 Meshing of Beam Elements..............coooveiiiiiiiiiiiiiieceeeieeee e 94

TR A 7 T T 11 T PP PPPPPRN 94
5.8 Mode]l Validation..........eeiiiiiiiiieiiiiie ettt et e e 95
5.8.1 Validation through Theoretically Calculated Displacements................... 96
5.8.2 Validation through Strain Measurements............ccccceeeeeeiiiiiieeeeeeeessnenee, 97

5.9 Evaluation of Mesh Quality....... ..o 99
CHAPTER SIX MONITORING AND ANALYSIS OF CONCRETE

DECK CRACKS

6.1 INETOAUCION ..ottt ettt e e et e e et e e e enaeeee s 101
6.2 Analysis of Steel/Concrete Composite ACION.........eveeeeeeereiiriiiieeeeeeeriiiiieeeeeenn 101
6.3 Instrumentation Based Crack Detection and Monitoring Techniques ................. 109
6.4 Theoretical evaluation of SHP StraINS..........ccceveciiriiireeeeiiciiiiee e 115

6.4.1 Identification of Thermal Loading Configurations on WV Bridge decks

6.4.2 Calculations of Maximum Slip Strains is Concrete Bridge Deck .......... 126
6.5 Analysis of Cracks Initiation through Frequency Spectrum Analysis of Bridge

SUPCTSIIUCLULE ....vvvtieeeeeeeeiiie et e ettt e e e e e ettt e e e e e e e e aatbeeeeeeeeeeasnnnsaneeeeeseennnnns 128
6.6 Structural Health of the Bridge Superstructure after Deck Cracks...................... 137
6.6.1 CoNCTEte DECK. ..ot e e 137
CHAPTER SEVEN CONCLUSIONS
7.1 CONCIUSIONS ...ttt sttt ettt sttt sae s 141
7.2 Proposed FUture WOrK ..........coouiiiiiiiiiiiiieiieee et 144

Vi



REFERENCES. ... e,

APPENDIX

vii



LIST OF TABLES

Table 3.1 Tests Plan for Measurements of Concrete Properties...........ccceevvveeeeeniineeennn. 34
Table 3.2 Average Compressive Strength of Concrete Material [MPa (PSI)]................. 37
Table 3.3 Average Tensile Strength of Concrete Material [MPa (PSI)]........ceevvvnnnneen. 38
Table 3.4 Average Modulus of Elasticity of Concrete [MPa (PSI X 10%)].......ccoovenn.... 41
Table 3. 5 Average Poisson’s Ratio of CONCrete.........oeeeeeeeiviiiiiieeieeiiiiiiieeeee e 42
Table 3.6 Average Coefticient of Thermal Expansion ............ccccceeevvvviiiiiiiiieeeeeiniiee, 43
Table 3.7 Values of Hyperbolic Function Parameters for Concrete Strength.................. 44
Table 5.1 Material CONSTANS .......ccuuuiiiiiiiiiie et e e ee e 89
Table 5.2 Models Information .............ccooiiiiiiiiiiiiiie e 93
Table 5.3 Comparison of FEM and Theoretical Girder Displacements........................... 97
Table 6.1 Temperature Ranges for Bridge Design According to AASHTO.................. 125
Table 6.2 Maximum Positive Temperature Gradient in Bridge Superstructure............. 126
Table 6.3 Maximum Negative Temperature Gradient in Bridge Superstructure ........... 126
Table 6.4 Calculation of total slip strains at span No. 1........cccccceeveeeiiiiiiiiiiieeeeeee, 128
Table 6.5 FE Modal Analysis of Steel Superstructure of Phase 1T ...........cccccccevieennnen. 134
Table 6.6 FE Modal Analysis of Full Bridge Superstructure.............ccccvvveeeeeeeencnnnnen. 136

viil



LIST OF FIGURES

Figure 2.1 Load-Deflection Curves for Partially Restrained Slabs (Park, 1964) ............. 24
Figure 2.2 Deck Reinforcement Required for Interior Slab and Girder Bridge (Fang et al.,

1900 ..ttt ettt et eenateeen 25
Figure 3.1 Star City Bridge Open to Traffic.........ccvvveieieiiiiiiiiiiieeeeeeeeee e 29
Figure 3.2 Deck Cross Section Showing Sequence of Construction............c.eeeeeeeeeennnns 29
Figure 3.3 Details 0f Deck Slab..........ooooiiiiiiiiiiiiie e 30
Figure 3.4 Sequence of Concrete Deck PouT.........coooiiiiiiiiiiiiiiiiiiicccce, 31
Figure 3.5 Main Dimensions of Steel Girders............eeeeeeereciiiiiiieeieeiniiiiieeee e 32
Figure 3.6 Diaphragm Details..........c.ceeeiiiiiiiiiiiiiiieiiiie et 32
Figure 3.7 Erection Operations of Steel Girders..........cccceevvieeriiiiiiiiiiniiciniecnieeeee. 33
Figure 3.8 Instrumentation for Standard Concrete Cylinder...........cooeeevviiieeeeeeninnneene. 36
Figure 3.9 Testing of Compressive Strength of Concrete..........ooocveveeviiiiiieeniiieeeeniennn. 37
Figure 3.10 Test Setup for Measurements of Modulus of Elasticity ..........cccceervueennee. 39

Figure 3.11 Schematic Diagram of Setup for Measurements of Modulus of Elasticity ... 40

Figure 3.12 Measurements of Coefficient of Thermal Expansion............ccccovvveeeennnnnees. 43
Figure 3.13 Concrete Compressive Strength for Pour No. ©........cccooviiniiiniiinicennnn. 45
Figure 3.14 Concrete Compressive Strength for Pour No. 2..........cooovviiiiiiiiiieeeiiiine, 45
Figure 3.15 Concrete Compressive Strength for Pour No. 3.......cccoovviiiiiiiiniiniini, 46
Figure 3.16 Thermal Blankets Covering Deck Pour No. 1 ......ccoccoiiiiiiniiiinniiiiieeee, 47
Figure 3.17 Comparison between Measured and Predicted Concrete Properties............. 48
Figure 4.1 Embedment Strain Sage tree..........ceveuvriiiiieeeeeeiiiiiieeeeeeeeesiiirreeeeeeeeeseennneees 53
Figure 4.2 Location of Embedment Sensors in Bridge Cross Section..........c...ccceeuvneeee. 54
FAigure 4.3 Crack MELETS.......uuiiiiiiiiiiiiiiiieee ettt e e e e e e e e e e e eeaaeeeees 54
Figure 4.4 Convergence Meter at Bridge End ...........ccccooiiiiiiiiiiiniiecce, 55
Figure 4.5 Bonding Operations of Strain Gages on Steel Superstructure........................ 56
Figure 4.6 Location of Maximum Stresses along Bridge Length..............cccocccirnniiel. 58
Figure 4.7 Measurement of Steel Girders Bending Moments..............ccoeveerviecnnieennnen. 58
Figure 4.8 Bending Sensors at Final Stage.........ccuvvvviveiiiiiiiiiiiiieeeeeee e 59
Figure 4.9 Schematic Drawing of Bending and Shear Sensors on G6 at Pier 3............... 60

X



Figure 4.10 Shear Rosette at its Final Stage..........ccocoveevviiiiiiiiniiiiiiiccecc e, 60

Figure 4.11 Strain Gage Bonded to a Diaphragm Diagonal Member .................cccuee.. 61
Figure 4.12 Locations of Strain Measurements on Steel Superstructure............c........... 62
Figure 4.13 Inclinometers and Wireless Data Transmission Devices.........ccccceevrueeennnnen. 64
Figure 4.14 Position of Inclinometer on Girder Lower Flange ............cccccccvvieeiininnnnnn. 65
Figure 4.15 Position of Inclinometers along Girder No. 5.......ccoooiiiiiniiiiiiniiiiiiieeee. 66
Figure 4.16 Dynamic Strain Measurements in Concrete Deck ............ccooveeviiiinicnnnnen. 66
Figure 4.17 ET106 Weather Station...........cocceiiiieiiiiiiiiieeiiiceniecereeeeeee e 67
Figure 4.18 Weigh In Motion System at the Bride Entrance .............cccoocvieiiiniiiennnne. 69
Figure 4.19 Sequence of Placing the WIM System at the Bride Entrance....................... 69
Figure 4.20 Wiring of Gages to Multiplexers Boards.............cccocveeviiiiniiiiniiiniiccnnnen. 71
Figure 4.21 Data AcquiSition SYStEM ........ccceeriuiiiiiiieeeeeeiiiieeee e eeeiree e e e e 72
Figure 4.22 Data Acquisition Moisture Protection ............ccccceeeviveeniieeniieeniieeniieenien. 73
Figure 4.23 Field OffiCe ...ccouiiiiiiiiiiiiiiiiee s 74
Figure 4.24 Mounting of Solar Panels at Location of Dataloggers ............cccccceeevennnneen. 74
Figure 4.25 Three Dimensional CAD Bridge Model.............ccccoiiiiiiiiniiiinniiee. 76
Figure 4.26 Cable Paths in Concrete Deck........c.coeoviiiiniiiiniiiiniiiiiiicieccccecee 76
Figure 4.27 Accessibility of Sensor Location by use of Man-lift..............cccccceerennnnnnne. 78
Figure 4.28 Mounting Strain gages on Steel Girders of Mid-span 2 ...........cccoocveeeeennnee. 78
Figure 4.29 Instrumentation Plan..............cooooiii i 79
Figure 5.1 A- Steel Girder Details from Abutment 1 to Pier L.........ccoeoeeviiiiieeeiiiinnnnen. 82
Figure 5.2 Steel Girder Details from Pier 1 to Mid-span 2 ...........cccccoviiiiiinniiiccinnnneeen. 83
Figure 5.3 Steel Girder Details from Mid-span 2 to Pier 2 .......cccccceeviiiiniiiinieeiiicenen. 84
Figure 5.4 Steel Girder Details from Pier 2 to Pier 3........coooiiiiiiiiiiieiiieee e 85
Figure 5.5 Steel Girder Details from Pier 3 to Abutment 2...........cccceeeviiiiiinniiieeinnineeen. 86
Figure 5.6 Steel Superstructure of Full Bridge Model.............ccooiiiiiiniiiiniiiinicee. 87
Figure 5.7 Four-Node Shell Element for Thin and Thick Shells...........cccccccoeeeirnnnnne.n. 88
Figure 5.8 Geometry Definition of Beam Elements ..........ccccceevviiiiiiiiniiieniiienieene, 88
Figure 5.9 EXpansion Bearings ..........c.ceeeiiiiiiiiiiiiiieeiiiiee et 91
Figure 5.10 Fixed Bearings at Pier 2........ccuoiiiiiiiiiiiiiiicceccee e 92



Figure 5.11 Bottom view of Full FE Model Showing Supports Degrees of Freedoms.... 92

Figure 5.12 Loading of Concrete Deck Weight on FEM ...........ccccooviiiiiiiiiieeiee 95
Figure 5.13 Deformation of Steel Girders due to Placement of Concrete Deck .............. 96
Figure 5.14 Comparison of Strains in Steel girders at Span 1 (Pour No. 1) .................... 98
Figure 5.15 Comparison of Strains in Steel Girders at Span 2 (Pour No. 2).................... 98
Figure 5.16 Comparison of Strains in Steel Girders at Span 4 (Pour No. 1)................ 99
Figure 6.1 Bending Strain Distribution of Full Composite Section............ccccceeeruveennee. 104
Figure 6.2 Comparison of Concrete Strain Magnitudes at Day 5.........ccccccevviiennieennn 107
Figure 6.3 Comparison of Concrete Strain Magnitudes at Day 11...........ccccceeeveennnneen. 108
Figure 6.4 Ratio of Theoretical Concrete Strains to Measured Data...............cceouneneee. 109
Figure 6.5 Strain Variations in rebar and concrete in Span 2 over Girder 6.................. 111
Figure 6.6 Instrumentation used for Crack Detection in Concrete Deck....................... 111
Figure 6.7 Crack Initiation and Growth on Span No. 1 over Girder 6..............cccuuue.e.. 112
Figure 6.8 Correlation Coefficient bet. Concrete and Rebar Strains at Pier 2 ............... 114
Figure 6.9 Difference in Concrete and Rebar Strain values at Top of Pier 2................. 115
Figure 6.10 Free Body Force Diagram of a Deck Segment (Nie et al., 2004). .............. 116
Figure 6.11 Superstructure Deformation Due to Maximum Positive Temperature Gradient

............................................................................................................................ 127
Figure 6.12 Superstructure Deformation Due to Maximum Negative Temperature

(€ ¢ 14 B 1S) 1L A PSPPSR 127
Figure 6.13 Mode Shapes No. 1 to No. 6 of Steel Superstructure of Phase II ............... 132
Figure 6.14 Mode Shapes No. 7 to No. 10 of Steel Superstructure of Phase II ............. 133
Figure 6.15 Mode Shape No. 14 of Steel Superstructure of Phase Il ............c.cccoueeenne. 134

Figure 6.16 Mode Shape Corresponding to 1% Natural Frequency of Full Bridge

SUPETSIIUCLUIE ...vvvvvvieieiiiiiieititieeeee ettt et eee e e e e eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeaaeeaeaeaeeeeeeaeees 136
Figure 6.17 Mode Shape Corresponding to 2" Natural Frequency of Full Bridge

SUPETSIIUCLUIE .ottt e e e ettt e e e e e e ettt e e e e e e s neneeeeeas 137
Figure 6.18 Stresses in Concrete Perp. to Traffic on Top of Mid-span 4, Girder 6........ 139
Figure 6.19 Stress in Traffic Direction on Top of Mid-span 4, Girder 6....................... 140
Figure 6.20 Stresses in Steel Reinforcement at Mid-Span 4 ...........cccceevviiincinnieennn. 140

xi



CHAPTER 1

INTRODUCTION

1.1 Preface

The American Society of Civil Engineers report card (ASCE, 2005) assessing the
nation’s infrastructure indicates no improvement since receiving a collective D+ in 2001.
In the category of bridges, the report card assigned a grade C to America’s bridges. 27%
of the nation’s bridges are rated as structurally deficient or functionally obsolete. A
bridge is classified structurally deficient when its deteriorated components lead to its
closure or make it restricted to lightweight traffic. A functionally obsolete bridge has
older design features and can not accommodate current heavyweight traffic volumes.
Recommendations for future policies emphasizes that simply building new bridges is not
a solution to comply with the increased demand in highway capacity, but rather change in
the current transportation behavior by making use of latest technologies. The
recommendations insisted on allocating adequate funding for research and development
of civil engineering innovations that offer cost-effective solutions to infrastructure needs.
Among major barriers to improve the bridges’ conditions are inadequate or inconsistent
data that indicate in-service performance, condition, and capacity of existing ones (Lenett
et al., 2001). Lenett further suggested that the serviceability states of a given
classification of structures are adversely influenced by the lack of information about the

fundamental deterioration and damage mechanisms.

In an effort to improve the cost efficiency and effectiveness of maintenance
strategies, the Intermodal Transportation Efficiency Act (ITEA) in 1991 mandated
implementation of bridge management systems (BMSs) by all state departments of
transportations (DOTs). The program aims to improve the overall condition of an
agency’s network of bridges by determining the optimal time for an agency to execute

improvement actions on a bridge, given the funds available (Edward Czepiel) .



The improvement in acquiring reliable data for monitoring bridge performance
went through an evolutionary process that involved engineers, bridge owners as well as
legislators. The National Bridge Inspection Program (NBIP) was established since 1968
in response to the collapse of the “Silver Bride” between Point Pleasant, WV, and
Gallipolis, OH, in 1967 (FHWA, 1991) . The information contained in the NBIP was
used to establish repair fund strategies by the Federal Highway Act of 1970 through the
Special Bridge Replacement Program (SBRP). This program used the NBIP data to
classify bridges on major highways as non-deficient, structurally deficient or obsolete
thus being eligible for replacement funds. Realizing the importance of bridge assessment
data provided by bridge inspectors and its major impact on replacement decisions, the
Federal Highway Administration (FHWA) set a Coding Guide that outlined inspection
procedures and those specific elements on each bridge to be inspected. Refinements and
revisions were later made to the Code in 1972, 1979 and 1988. The NBIP was later
replaced by the Highway Bridge Replacement and Rehabilitation Program (HBRRP) that
provided funding for rehabilitation as well as replacement of bridges on all public roads.
The Intermodal Surface Transportation Efficiency Act of 1991 expanded the HBRRP to
mandate every state DOT to implement management systems for maintenance planning
recognizing that preventive maintenance acts are most effective in minimizing problems
before they occur. Two major generic BMS projects adapted from cost models have been
developed nationwide, Pontis(1993) and BRIDGIT(1993) . Those generic models use
bridge data provided by inspections at an element level as a quantitative measure of
deterioration. Deterioration is modeled through Markovian (1993) process and cost

models are used to examine trade-offs between options.

Meanwhile, a national effort is being conducted to develop remote sensing systems
that would allow more sophisticated and accurate methods to assess the structural
performance of bridge elements and hence provide a rational method of making decisions
about the bridges’ condition. This effort is focused on collecting objective data that
originate from a sound scientific approach and indicate the structural condition of bridge

elements relying on quantitative measurements.



1.2 Problem statement

Design theories and analytical models are based on simplified assumptions and
idealizations that may or may not indicate the actual behavior of operating structures.
Empirical methods are based on observations and/or analysis of laboratory scaled
specimens or other simulating tools such as finite element models. Such methods are
usually used to study and analyze structural response due to isolated loading parameters,
while simulating combined loading configurations that real structures are subjected to is
often a tedious task. For example it is hard to simulate static and dynamic loading
configurations while subjecting a full-scale structure to specific temperature and moisture
variations. Moreover, the principal of superposition may not be adequate in most cases
due to response non-linearity. Therefore researchers as well as practitioners realized the
importance of studying the behavior of structures and their response to actual loading

configurations through instrumentation based long-term monitoring programs.

For the case of bridge decks, monitoring efforts through sensory systems were conducted
for the purpose of identifying anomalies such as formation of cracks in the reinforced
concrete slab. Two main challenges lie in this aspect. The first is that the exact locations
of such cracks are not known; therefore it is hard to predict the exact sensor locations
where cracks can be monitored. The second is that the real causes of such cracks are still
not understood; therefore it is hard to predict the exact time of crack initiation and

propagation, or relate that to loading patterns.

Through all BMS programs, it is clear that all results and decisions will be as
good as the information that is input into the system. Nowadays, inspections of existing
bridges are being conducted routinely and inspection histories are being kept in each
bridge’s record (AASHTO, 1994) . Through the course of those inspections, the physical
and functional condition of a bridge as well as analysis of overload permit applications
are determined. While those inspections are essential to establish priorities for repair and
rehabilitation actions, visual inspection of bridges have multiple limitations. Critical
evaluation of traditional biannual visual inspections has found that this approach is not

sufficiently reliable to detect deteriorations that allow timely repair actions (Moore et al.,



2001) . Inherent from their nature, visual inspections are often found highly variable.
Inspectors have to rely on their experience and exercise personal judgment with limited
testing opportunities to identify and classify signs of deteriorations. Visual inspections
are time consuming and represent a financial overburden that State highway agencies are
overtaking. Most importantly, visual inspections are unable to detect invisible damage or

distress (Chase, 2003) .

This task represents an overburden on highway agencies and more efficient tools for
monitoring needs are required. Such monitoring tools have to use minimally intrusive
techniques and effective schemes to offer more adequate, less expensive and more

frequent monitoring data.

1.3 Incentive of Instrumentation based Bridge Health Monitoring

Both researchers and practitioners are motivated to find means of quantifying changes in
condition of performance of bridge elements using non-destructive techniques without
trading off accuracy and reliability. Advancement in measurement techniques, sensory
systems and communications offered a great tool to implement non-destructive strategies
that would allow not only monitoring existing structures but also evaluate retrofit details
and various construction techniques. Strategies of monitoring bridge performance using
instrumentation systems were categorized by (Aktan, 1996) :

e Bridge health monitoring through measurements of changes in the global
geometry or local responses of an existing bridge under service conditions. This is
achieved by intermittent measurements of variables through application of a
proper instrumentation system.

e Monitoring bridge response for measuring absolute local and global responses
since construction.

e Diagnostic testing of an existing bridge by measuring incremental global or local

changes due to static or dynamic loads.



e Monitoring an existing bridge by identifying global or local responses through
intermittent measurements in the long term with the objective to capture

incremental variations in each event.

(Lenett et al., 2001) summarized the goals pursued through application of

instrumentation based systems in any of the above categories:

e Identification of deterioration mechanisms that influence long term bridge health
for the purpose of mitigating those defects.

e Provide sound basis for design of structural repairs.

e Explore effects of new methods of construction on the stress distribution in bridge
elements.

e Provide objective data that indicates the current condition of a bridge or the
change in that condition due to an overloading event or application of a retrofit.

e Provide data about various loading configurations.

e Verify design methods.

e Investigate unknowns in terms of loading and response behavior.

e Setting more rational methods for maintenance strategies and management

techniques.

1.4 Research Objectives

This study focuses on evaluating the superstructure response of an empirically designed
bridge deck to real life loading conditions including both dynamic axle loads and long
term changes due to environmental exposure. This research work aims at integrating an
instrumentation based system in the new Star City Bridge within its construction phases
for the purpose of monitoring the long term response parameters of various bridge
elements. The objectives can be summarized within the following categories:
e Design and implement an instrumentation based system to provide more
sophisticated data and better methods of bridge monitoring than visual inspections

to identify signs of distresses, hence respond timely to bridge maintenance needs.



Design an instrumentation-based method for identifying crack initiation and

propagation in reinforced concrete deck slab.

Study the behavior and response of a light-weight designed deck to loading
configurations in an effort to understand the reasons that contribute to the

formation of cracks in such bridge decks.

Identifying actual stresses that occur in critical bridge elements due to real life
loads and climatic changes, especially after deck cracks occur. This will serve to

verify the effect of cracks on the overall bridge performance.

Identify thermal loading configurations on the bridge deck through long-term
monitoring, in an effort to improve the design load specifications with accurate

data.

Provide continuous data records that can offer better understanding of the behavior
of various bridge elements, thus can be used to enhance the performance of future

bridges to make them more efficient.

1.5 Research Methodology

The objectives stated above are achieved by accomplishing multiple tasks including:

Perform an objective review within the technical literature on instrumentation and
data acquisition systems that can be implemented to secure data for a combined

long term and real time monitoring of bridge superstructures.

Design and development of a sensory system for remote monitoring of critical
bridge elements response to various loading configurations. The capacity of the

sensory system includes measurements of both loading parameters as well as



response parameters. The loading parameters address both dynamic
configurations due to traffic axle loads as well as long term static loading due to

environmental exposure and cyclic changes in air temperature and moisture.

Examine design calculation sheets of the empirically designed Star City Bridge
superstructure and identify locations of critical stresses at various structural
members. Examination of the calculation sheets will determine the locations of

sensors, their sensitivity and measuring range.

Installation of the sensory system on the Star City Bridge in order to acquire data
in a timely manner reflecting the actual response of bridge elements as loading is
applied since construction phases. The sensory system is installed while the
bridge is still under construction for two reasons:

1- Provide measurements of the concrete deck static weight.

2- Allow embedment of sensors in the concrete deck.

Collect continuous records of data for long time durations (at least 12 months) in
order to provide time histories and database of both loading and response

parameters.

Verify recorded measurements using numerical techniques and/or theoretical

modeling whenever possible and determine accuracy of collected data.

Post process measurement time histories in order to extract required data for

analysis.

Combine theoretical analysis and instrumentation based methods to conduct an in-
depth study to design an innovative method that reveals formation of hidden

cracks in concrete deck.



1.6 Scope of Research

The nature of the work tasks in this research program involves multiple engineering
disciplines including structural engineering, transportation, electro-mechanical
engineering, and instrumentation, which adds value to the outcome results. Through the
course of this work, various research frontiers are faced which widened the scope of this

program as summarized herein:

e This work puts into perspective a detailed instrumentation system that is
developed for the purpose of long-term bridge health monitoring that allows more
frequent, less expensive and more sophisticated bridge safety inspections. The
instrumentation system demonstrates a rational method for making decisions
about the condition of a bridge member while being minimally intrusive, and

allows remote monitoring through phone line communications.

e Databases of time-histories of engineering measurements are built through the

course of data collection. The database includes measurements of:

1. Three dimensional strains and stresses in concrete deck at locations of maximum
positive and negative bending moments.

2. Strains in longitudinal and transverse deck steel reinforcement at locations of
maximum positive and negative bending moments.

3. Thermal mapping along concrete bridge deck and at supporting steel girders.

4. Overall expansion and contraction of bridge ends relative to abutments at the
location of expansion joint.

5. Crack opening and closure in concrete deck.

6. Shearing strains and stresses at location of maximum shearing stresses on the steel
girders.

7. Bending strains at steel girders at locations of maximum positive and negative
bending moments.

8. Out-of-plane strains of steel girder webs.

9. Inclination of steel girders at multiple locations along the length.



10.
1.
12.
13.
14.

Strains and forces at diaphragm members.

Angle of inclination of supports including piers and abutment of end span.
Dynamic strains in concrete deck at location of wheel paths.

Weather data through a weather station

Axle load spectrum of traffic crossing the driving lane of the bridge.

A weigh-in-motion (WIM) system is developed and installed at the bridge
approach using piezoelectric sensing devices, loop detectors and an in-house built
data acquisition system. The WIM system proved to be cost efficient and reliable
to acquire traffic data that enables providing a traffic load spectrum and

classification of vehicles approaching the bridge.

Through data analysis, a new concrete crack detection technique is developed.
This technique is based on measurements of strain time histories and successfully
indicated time of occurrence of cracks and their development. Such techniques are
most useful for State DOT personnel and bridge agencies to check the status of
the concrete material in bridge decks constructed using stay in place (SIP) forms

where the deck bottom is inaccessible.

Composite action in steel/concrete is verified and means of measurement of this

action is developed and values are quantified.

The work combines analytical modeling using Three Dimensional Finite Element
Modeling (3DFEM) of the superstructure and field testing for analyzing both

static and dynamic characteristics of the bridge superstructure.

Analytical calculations of slip strain between steel reinforcement and

superstructure due to maximum temperature gradient on bridge deck.



CHAPTER 2

LITERATURE REVIEW

2.1 Literature review on bridge instrumentation for Long-term
monitoring

The last two decades showed an increasing interest in developing health monitoring
systems for civil infrastructures (Xia et al., 2005) and (Fujino and Abe, 2003) .
Structural health monitoring (SHM) of a bridge can be described as the continuous
recording of the loading environment as well as measurement of critical response
parameters of the bridge components. Although a number of challenges face the effective
application of SHM strategies on large infrastructure systems, there is enough evidence
that various state agencies and bridge owners are getting more motivated recently for new
ideas on instrumented bridge monitoring concepts. SHM has been used for evaluating
performance of structures, identify symptoms of operational incidents, anomalies due to
deterioration and damage, and for checking the structural health during or after an
extreme loading event (Aktan et al, 2000) . A complete SHM design is reported by
(Catbas et al., 2004) to have the following architecture:

Identification of performance and health metrics

Sensors and data acquisition networks

Data fusion, analysis and information management

Real time data interfaces for manual, semi and/or fully automated data evaluation

Decision making

A o

Metrics of success

The International Association for Structural Control (IASC) jointly with the ASCE
SHM Task Group developed a benchmark SHM problem to improve the effectiveness of
detection and damage assessment of structures (Johnson et al., 2000) . Because there is

no off-shelf type bridge monitoring system available, researchers have to assemble
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suitable components that would satisfy their monitoring objectives. In all reviewed
instrumentation based long-term bridge monitoring systems, the common approach is to

integrate existing technologies in the most cost-effective, efficient and reliable design.

A sensory system was installed on a 3 spans semi-composite steel stringer bridge near
Cincinnati, Ohio (Lenett at al., 2001) for the purpose of long-term monitoring and
structural analysis of the bridge elements since construction. Special interest was drawn
to monitor this bridge because of its relatively unusual span geometry that featured an
end span to middle span ratio of (0.45). The bridge also incorporates both continuous and
integral construction. This work includes measurements of strains, temperatures,
inclinations, and soil pressure in the foundations and substructure. The superstructure
including steel beams and crossframes were instrumented with strain gages and
temperature sensors. The instrumentation system involves a total number of 238 sensors
in the superstructure where 58 were removed and 116 sensors in the substructure. The
steel beams were monitored during critical shop fabrication procedures and through
subsequent construction events. Instrumentation of this bridge started with the bridge
construction in 1995 and modal impact and diagnostic truckload testing were performed
before opening to traffic in 1997. Atmospheric effects were collected at the site via a
weather station, and recording of response data were conducted through the first year of
bridge service life. Fabrication and erection stresses were found to range in the steel
superstructure from 20.68 MPa (3 ksi) to 103.42 MPa (15 ksi). The authors found
significant local stresses that are not considered in design methods and attributed their
cause to structural details such as in the integral abutments and welded connections for
crossframes and bearing plates. Shrinkage stresses were measured to be near or higher
than the cracking threshold for the used concrete material (Class S). The authors drew an
important conclusion from this effort that environmental stresses were not explicitly
considered in the bridge design, yet those stresses exceeded by far any stress caused by

any recorded truck traffic.

The SR-33 Lehigh River Bridge is instrumented with an array of sensors through a

research project to investigate the effects of temperature, shrinkage, creep, and live load

11



behavior (Connor R.J. et al., 2002) The bridge consists of 4 spans of continuous
weathering steel truss that is composite with the reinforced concrete deck. Because of this
unique structural characteristic the bridge was instrumented within its construction phases
in May 2001 and field monitoring is expected till 2005. The instrumentation program
includes measurement of strains and temperatures both on the steel superstructure and in
the concrete deck. Vibrating wire strain gages are used at 59 locations in the first and
second span and at the location of one pier. Uniaxial wire resistant strain gages are used
to measure dynamic response in the steel stringers and rebars. Based on data records, the
authors concluded that the overall behavior of the truss under live load was as expected
and no unusual behavior was observed. The Authors added that stresses during

construction were found in reasonable agreement with those calculated in design.

The Pereria-Dos Quebradas viaduct in Colombia is instrumented with more than 300
transducers for real time health monitoring (Thomson et al., 2001) . The authors
indicated the importance of this Viaduct to represent the most important civil
infrastructure built recently in Colombia. Being completed in 1997, this 615 m (2017 ft)
long bridge was the world’s twentieth longest cable stayed bridge. The bridge consists of
steel girders and joints and a post-tensioned concrete slab with 72 cables connected from
two principal piers. The instrumentation system includes accelerometers, displacement
transducers, inclinometers, temperature sensors, and macropar sensors. All signals are
transmitted to a monitoring station located nearby the bridge. The system is designed to
measure slow varying phenomena due to temperature changes, foundation settlements
and concrete relaxation. Records every six hours include measurements of local strains in
piers and deck slab as well as pier rotation. Fast Varying phenomena due to traffic, wind,
and seismic activities are recorded in terms of axial and transverse accelerations in the
cables as well as longitudinal, transverse and vertical accelerations of the deck and piers.
The level of corrosion in the steel reinforcement in the piers and deck slab are recorded
manually every 6 months. Weather data are recorded through a weather station. Despite
the large investment in the sensory system ($ 1.5 million) an inventory of the viaduct

instrumentation and data acquisition found that many of the transducers were incorrectly
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installed and wired, many transducers have been damaged and the system was under

review for operation in 2002.

The Akashi Kaiko Bridge in Japan is the world longest suspension bridge. Because of
its remarkable length, new methods of design for aerodynamics and seismic stability
were implemented. A set of instruments and a system network provide monitoring data
that are used to verify assumptions and design constants. The data are also analyzed for
structural maintenance purposes as well as traffic management and control in case of an
earthquake or typhoon. The scope of monitoring includes measurements of response
parameters and loading effects. Response parameters refer to displacements,
accelerations, stresses, strains and forces in the bridge members and cables. Loading
effects include those due to wind, earthquake, temperature and the combined highways
and railways live loads. (Sumitro et al., 2001) indicate that field measurements of
displacements and vibration amplitudes recorded during the 1998 typhoon have

confirmed simulation results obtained in a wind tunnel test.

The Bridge No. 4048.2S017 crossing Boone River on Highway 17 in central Iowa
was chosen to investigate the effectiveness and stability of a bolt loosening retrofit
designed to eliminate web fatigue cracking. The bridge consists of 3 spans and features
five main plate girders with an integral concrete deck. An on-site remote monitoring
system was installed to collect continuous measurements of strains, displacements, and
temperature. Data were collected remotely when a significant loading was present. The
instrumentation systems included 4 thermocouples, 2 gradient strain gages installed on 2
web gaps, 5 weldable strain gages distributed on the diaphragm members and one girder,
and 4 direct current displacement transducers installed at one stiffener connection. Data
collection is triggered by a threshold value of 20 pe at the flange bottom, which drives
the system to save 8 seconds of data before and after the event. Data analysis for 4
months indicated a substantial reduction in strains at the web gap following the

implementation of the retrofit, which confirmed its effectiveness (Wipf et al., 2003) .
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About 30 fiber optic sensors were embedded in the concrete deck of the Moesa railway
bridge near Bellinzona in southern Switzerland for monitoring its deformation during
concrete setting and shrinkage as well as during the bridge sliding phase (Inaudi et al.,
1997) . The bridge comprises composite steel and concrete deck supported on 3 spans of
30 m (98.4 ft) each. The bridge replaces an older one and was cast in place and then slide
laterally at its location using hydraulic jacks. The fiber optic sensors had an active length
ranging from 2 to 4 meters and were mounted to the steel reinforcement in the
longitudinal direction. Measurements were conducted after concreting and during bridge
sliding. Results showed that bending values were too small to produce cracks and
confirmation that no damage occurred to the bride while pushing was concluded.

The feasibility for using Global Positioning systems (GPS) and other sensors to remotely
monitor structural health condition on operational bridges was investigated by (Meng et
al., 2004) . The system targets to measure the natural frequencies of vibrations and
integrates a number of GPS devices and triaxial accelerometers to detect both high and
low frequencies of bridges. The Wilford Bridge over the River Trent in Nottingham, UK
was used as a test bed for this study. The bridge is a suspension footbridge structure
spanning 68 m (223 ft) and consists of a steel deck covered a wooden floor. A
comparison of the first natural frequency of vibrations detected by the system and that
computed from a Finite Element Model of the bridge indicated a close match. However,
the authors indicated that noise problems in the field data needed to be addresses and

more refinements were needed to get a better match for the second natural frequency.

In 1996, the Versoix Bridge located near the city of Versoix, Switzerland was
instrumented with about 100 fiber optic deformation sensors in order to monitor long-
term performance of the bridge with special attention to the interaction of the old bridge
and a new extension that introduced a security lane in both directions (Vurpillot et al.,
1997) . The Versoix Bridge is a classical concrete bridge consisting of two pre-stressed
concrete beams supporting a concrete deck with two overhangs. Monitoring of the bridge
included measurements of average strains in concrete, analysis of average curvature,

detection of torsion and distribution of horizontal and vertical displacements. Seven years
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of data collection concluded that the structure was perfectly monolithic and no

delamination was detected.

A system of weldable strain gages and inclinometers were used to instrument the
Michigan Street Bridge in Strugeon Bay, Wisconsin for remote monitoring the health of
fracture critical components of the bridge. This 65 years old rolling bascule bridge
consists of thirteen spans of a total length of 430 m (1413 ft) of a combination of steel-
concrete girders and steel trusses. A system of 16 strain gages were welded in two
patterns at locations of the most badly deteriorated track plates for initial testing at
closing cycle (Prine and Fish, 1996) . Inclinometers in orthogonal pairs were installed on
the main piers to monitor inclinations during those tests. A total of 6 sensors (4 strain
gages and 2 inclinometers) at 2 locations were kept for continuous data recording.
Analysis of one year of data demonstrated that the damage continued to progress and

cracks continued propagation at the location of the strain gages.

As AASHTO is adopting the Load and Resistance Factor Design (AASHTO,
1998 and 1996) ° specifications for implementation by state DOTs, the need for
verifying various theoretical approaches and design methods undertaken by the
specifications emerged. The Doremus Avenue Bridge, located in Newark, NJ, is New
Jersey’s initial LRFD design and was the subject of an instrumentation and modeling
based study that aimed at evaluating the analytical behavior of the bridge (Nassif et al.,
2002) . One of the studies’ objectives was also to identify the instrumentation
procedure(s) and equipments to be used in future field testing and monitoring programs.
An array of sensors was installed on the new bridge at locations based on a finite element
modeling study. One drilled shafts and 2 piers were instrumented with triaxial geophones
at various depths for monitoring the bridge response to dynamic loads and for a
comparison with numerical models. The proposed permanent Bridge Structural Testing
System consists of mounting 96 Vibrating Wire Strain Gages as well as 30 Vibrating
Wire Thermo-Couples within the deck slab and 6 demountable strain gage transducers on
the steel superstructure. Dynamic measurements are proposed to be conducted using a set

of accelerometers mounted on the lower flanges of the steel girders while performing
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dynamic live load tests. A weigh in motion system is proposed to be placed on driving

lanes for collection on live load data.

In order to detect wire breaks within strands or cables in the Bronx-Whitestone
Bridge in New York City, a SoundPrint system developed by Pure Technologies was
installed in 2000. The bridge is one of the longest suspension bridges in the US with a
main span of 700 m (2296 ft). The system consists of an array or 51 acoustic sensors that
continuously measure the energy or dynamic response generated when tensioned steel
wires fail. The sensors are mounted on each of its 2 main cables and are connected to the
SoundPrint data acquisition (DAQ) and management system that is placed inside the
bridge anchorage. Data are transmitted from the DAQ to the Pure Technologies data
processing center in Calgary, Canada through a local internet connection where it is being
analyzed. Pure Technologies reported that the system has achieved an operation

efficiency of 98 % (PureTechnologies, 2005) .

(Masri et al., 2004) developed a multithreaded design based software which
acquires data from multiple channels, monitor, condition and distribute the data in real
time through the internet to various remote locations. The system was implemented on
the Vincent Thomas Bridge in San Pedro, Ca. The bridge features a cable suspended deck
with a main span of 545 m (1788 ft) in length and connects Los Angeles with its harbor.
The study used 26 accelerometers that were installed on the bridge in 1980 as an upgrade
to its seismic study project and is maintained through the California Strong Motion
Instrumentation Program. The Authors demonstrated the ability of the system to identify
the bridge modal properties such as natural frequencies and damping ratios from a recent

earthquake that automatically triggered the system’s recording capabilities.

The California Department of Transportation conducted a study to evaluate the
feasibility of using a GPS based system for monitoring the performance of its long span
bridges and land slides (Loren, 2003) . The approach of the study was that GPS
technology can provide real-time monitoring of displacements that could be correlated to

the amount of damage in the structure. The system was implemented on the Vincent
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Thomas Bridge in Los Angeles Harbor, the San Francisco Bay Bridge, and the Golden
Gate Bridge in San Francisco. The system utilizes a combination of high precision real-
time kinematic GPS (RTK-GPS) and wireless communication technology. The study
showed that networking RTK-GPS is a good tool for detecting differential displacements

that can indicate movements after a destructive event such as an earthquake.

(Fang and Kim, 2001) Instrumented 2 bridges in Orange county Ca., for long-
term structural performance monitoring. The selected bridges were the Jamboree Road
Crossing and the West Street on Ramp, both are typical 3 spans concrete pre-stressed
post-tensioned box-girder bridges. The monitoring system comprised a set of triaxial
thervo-accelerometers that were placed on the bottom flange of the girder, strain gages
and rebar gages that were embedded in the concrete beams, and linear variable
displacement transducers (LVDTs ) that measured relative displacements between the
girder and support as well as soil pressure sensor at the abutment. Data collection
included 82 sets (10 minutes each) during day time. Preliminary vibration data were
analyzed to obtain dynamic properties of the bridges including modal parameters such as
natural frequencies and mode shapes, and those were compared to finite element

modeling predictions while long term analysis and being performed.

(Rizkalla et al., 2000) used an array of fiber optic and temperature sensors to
instrument 3 bridges in Canada after being repaired with Fiber Reinforced Polymer (FRP)
composites. The monitoring system uses 63 fiber-optic Bragg Grating (FBG) sensors to
monitor strains in FRP bars in the girders, 22 electric-based temperature sensors for
temperature compensation, and 26 wire-resistance strain gages for comparison with the
FBG measurements. The authors concluded that temperature induced effects were far

greater than those induced by traffic loads.

The Commodore Barry Bridge which spans the Delaware River between Chester,
Pennsylvania and Bridgeport, New Jersey is instrumented with a system that carries over
100 channels for SHM purposes. The Bridge features the longest cantilever trussed

bridge worldwide. (Catbas et al., 1999) review information technologies associated with
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this instrumentation system which includes slow speed sensors to monitor slow responses
as well as high speed sensors in addition to a camera that records traffic patterns. All
sensors are wired to a data acquisition station that comprises both slow speed and high
speed data acquisition systems. Data are being stored in two data-bases; one is internet
based and the other one processes data locally and makes them downloadable from the

internet.

In 2003, (Shoukry et al., 2005) * instrumented the Evansville Bridge in West
Virginia for the purpose of conducting a study on early age cracks in bridge decks. The
Evansville Bridge is a 3 spans composite steel/concrete deck with a total length of 45.7 m
(150 ft). The instrumentation system consists of 232 sensors of various natures that allow
continuous remote monitoring of deck behavior and response to loading conditions since
placement of the concrete deck. Measurements include parameters such as tri-axial
strains in the concrete deck, relative expansion and contraction of spans, inclinations and
strains in steel girders, temperature mapping in the deck, strains in steel rebars, and crack
initiation and propagation. Analysis of long-term monitoring response of about 1.5 years
of data yielded development of many crack detection techniques for concrete decks and
illustrated main factors that contribute to early age bridge cracking. Among those factors,
the authors illustrated the effect of thermal and shrinkage stresses that developed in the
deck because of the constraining effects of the stay-in-place forms and shear studs, as
well as non-uniform curing of the concrete along the deck that result from in-plane
temperature variations along the deck. The authors also indicated that the sensory system
employed in this study can be used to assess the integrity of the bridge superstructure in
sustaining traffic and environmental loads. Specific to integral abutment bridges, the
study illustrated a poor composite action between steel girders and concrete deck in early
age, and the constraining effect of integral abutment to expansion and contraction of the

bridge superstructure.

18



2.2 Literature Review on Bridge Health Monitoring using
Measurements of Modal Vibration Parameters

Identification of modal vibration parameters such as natural frequencies and mode shapes
of structural systems can be achieved experimentally through various instrumentation
based studies. Instrumentation for this purpose has long been available (Vierck, 1979)

and had advanced considerably in the last three decades. As damage occurs in structural
systems, their performance is adversely affected, so as their mechanical properties. Based
on this concept, damage identification can be achieved by a comparison of vibration
characteristics of structural elements between two different states. One represents the
initial and often undamaged state and the second represents the deteriorated state after
damage. The basis of most damage detection methods is that damage will alter the
measured dynamic response of the system that is dependant on mass, stiffness and energy
dissipation properties of the system (Sohn et al., 2003) . Depending on the nature of
damage, i.e. cracks, rust, plastic deformation, etc... deterioration can occur in different
rates. Damage can occur in incremental accumulation such as in the case of fatigue
cracking or can occur as a result of discrete events such as overloading events or after an
earthquake. For example, (Fisher, 1984) indicated that brittle fracture due to fatigue
cracking was one of the most common causes of failure in steel bridge components.
Therefore, periodic evaluation of the structural performance both over long time scales as

well as after a damaging event is always necessary.

One major challenge that faces applications of damage identification using
vibration analyses of infrastructures is that environmental variations including
temperature and moisture changes affect the dynamic response of such structures and can
not be overlooked. (Sohn et al., 2001) indicated that the measured natural frequency of
the Alamosa Canyon Bridge in New Mexico varied by 5% during a 24 hours test period.
Another study conducted by (Farrar et al., 1994) identified the fundamental natural
frequencies on 1-40 Bridge over the Rio Grande in New Mexico to go against intuitive
expectations as 4 levels of deteriorations were purposely inflicted on the beams. In this
study, Farrar attributed the variation in dynamic properties of the bridge to temperature

effects. Another limitation discussed by (Friswell and Penny, 1997) was the inability to
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locate damage considering the global nature of the modal parameter opposed to the local
nature of the damage. Similar concerns were also discussed by (Aktan et al., 1999) were
the authors suggested that both local and global approaches to SHM needed to be
investigated simultaneously. (Garibaldi et al., 1999) stated another shortcoming for
SHM using vibration measurements which is related to accessibility limitations on
bridges and large structures for placing sensors. Most under-decks are inaccessible and it

is definitely impractical to close bridges for periodical monitoring and data collection.

SHM process attempts to monitor measurements information from dynamic input
and response of structures and identify the onset of damage by regression analysis.
(Farrar and Doebling, 1999) suggested a statistical pattern recognition paradigm in four
parts; (1) Operational Evaluation, (2) Data Acquisition, Fusion, and Cleansing, (3)
Feature Extraction and Information Condensation, and (4) Statistical Model Development
for Feature Discrimination. (Sohn et al., 2001) provide a comprehensive review of latest
technologies and methods for identification of damage through techniques that examine
changes in measured dynamic response in structures and mechanical systems. In their
review, Sohn et al. stated that many researchers have noted the need to use vibrations
induced by ambient environmental or operating loads for assessment of the structural
integrity of large infrastructures opposed to dependence on artificial excitation
mechanisms. However, the structural system in the case of bridges is harder to analyze,
since the natural frequency of the system does not remain constant but oscillates in a
range with respect to the location of moving vehicles (Li et al., 2002) . This approach
was followed by (Nagayama et al., 2005) to identify modal properties of the Hakucho
Bridge in Japan, utilizing ambient vibration measurements. The following section
presents a summary of studies involving periodically sampled dynamic response

measurements from an array of sensors to determine the state of health in bridges.

(Cioara and Alampalli, 2000) conducted a study on 3 bridges in New York State
between 1993 and 1995 to estimate modal parameters from excitations that are provided
from normal traffic. In order to remove the free response components from the forced

response the authors used a variant of the random decrement technique and modal
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parameters were estimated from the free decay time series. A concluding remark was that
environmental conditions such as temperature and humidity play a major role in

variations in modal parameters.

(Rohrman et al., 1999) conducted a 3 years experimental study on the Westend
Highway Bridge in Berlin to provide a mathematical formula that describes the change in
bridge frequency due to thermal effects. The bridge is 243 m (797 ft) long and consists of
8 spans of pre-stressed concrete box girders. The authors concluded that the bridge
reactions on the footings as well as material properties change with temperature if the
bridge free expansion and contraction is obstructed. The authors also suggested a linear
relationship between the measured natural frequencies and temperature. Regression
analysis of measurements indicated a change is the first 12 first natural frequencies

amounting 0.75 x 107 to 4.3 x 107 Hz every 1°C.

(Lau et al., 1999) studied the effect of wind on structural health monitoring of
three bridges in Hong Kong; the Tsing Ma, Kap Shui Mun, and Tin kau Bridges. The
authors used a sensory system consisting of 756 sensors to measure wind velocity,
temperature, accelerations, strains, displacements, and weight of vehicles. Installed video
cameras allowed monitoring of traffic flow. The system allows calculating the natural
frequencies, mode shapes, and modal damping ratios for the suspending cables to

calculate their tension. The authors concluded that the bridges were over designed.

A study by (Ren et al, 2004) was conducted on the John A. Roebling
Suspension Bridge over the Ohio River between Covington, Kentucky and Cincinnati,
Ohio. This investigation aims to determine the live load response and safety margins of
the bridges’ main cables. The bridge was completed in 1867, and consist on a 321.9 m
(1056 ft) main suspended span that carries two-lanes steel grid roadway and sidewalks
cantilevered from the trusses. The suspension bridge system consists of two sets of
suspension cables that are restrained by massive masonry anchorages. Dynamic
parameter characteristics were acquired through ambient vibration test data using 14

accelerometers that were placed at the beam joints in the lower chord of the stiffening
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truss in orientations that allowed capturing vertical as well as transverse accelerations.
The natural frequencies resulting from 3 tests were used to update a Finite Element
Model which was used to define the bridge load carrying capacity. The authors concluded
that the cables safety factor were still greater than 2 assuming 40% reduction of the

primary and secondary cables cross sectional area.

The Maysville cable-stayed Bridge connecting Maysville, Kentucky and
Aberdeen, Ohio over the Ohio River was subject to an investigation to analyze its
dynamic characteristics and to establish a finite element model as a baseline in its
structural analysis and monitoring studies (Harik et al., 2005) . The bridge has a total
length of 640 m (2100 ft), carries 2 traffic lanes and 2 shoulders and was open to traffic
in 2001. The cable-stayed superstructure consists of precast and post-tensioned concrete
deck sections supported by 2 main steel plate girders with floor beams. Suspension cables
are anchored to 2 main concrete towers. On-site dynamic testing provided acceleration
data from 3 tests conducted in 2001 through ambient vibrations. Triaxial accelerometers
were used in 80 locations on the deck and provided time-history data as loaded trucks
excited the bridge. The modal characteristics of the bridge were extracted from the peak
picking of the average normalized power spectral densities in frequency domain. The test
results were used to calibrate a finite element model that reflects the as-built initial
structural condition of the bridge. The authors report that a good agreement was observed
between the frequency results of the calibrated finite element model and those from the
field tests. It was also cited that good match for higher modes was not expected using

output-only filed measurements.

(Cunha et al., 2001) conducted a study on the Vasco Da Gama Cable-stayed
Bridge crossing the Tagus River in Portugal. The bridge has a central span of 420 m
(1378 ft) long that crosses the main navigation channel and consists of two main lateral
prestressed girders connected by a slab and transverse steel [-Beams. The bridge is
suspended by two plans of 48 stays connected to each of the two concrete towers. An
experimental study was conducted to identify the most relevant modal parameters from

the aerodynamic and seismic point of view. The experimental program consisted of
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preliminary measurements of acceleration levels, ambient vibration test to identify global
natural frequencies and mode shapes using 58 measurement stations on the deck and
towers, response measurements due to heavy truck load excitation, free vibration test, and
dynamic measurements of stay cables. The instrumentation system combined between
independent triaxial accelerographs synchronized and laser interferometry for non-
contact dynamic measurements of stay cables. Results of natural frequencies and mode
shapes from the tests showed good correlation with analytical predictions from a finite

element model developed at design stage.

2.3 Review on Empirical Bridge deck design

The 16™ edition of the (AASHTO, 1996) guide provided standard specifications for
design of concrete slabs following the flexural method. The factor of safety from decks
designed following the working stress design method was found to be at least 10.
However, extensive research work proved that slabs did not resist concentrated wheel
loads primarily by flexural action as traditionally believed. The new (AASHTO LRFD,
2004) design guide provides a new concept for design of bridge decks based on findings
from nonlinear finite element analysis of reinforced concrete deck behavior by (Fang,
1985) , (Holowka et al., 1980) , (Hewitt and De V Batchelor, 1975) , and (Fang et al.,
1990) . The concept is based on an internal arching effect that the slabs sustain due to a
complex internal membrane stress behavior which develops once cracking occurs at
locations of positive moments. This action results from lateral confinement provided by
the surrounding concrete slabs, rigid appurtenances and supporting components, creating
an internal compressive dome (Sozen and Siess, 1963) . In this case, failure modes occur
due to punching shear rather than flexural stresses. The phenomenon of membrane action
in concrete elements was investigated since early ages of concrete construction (Cope and
Clark, 1984) . Extensive interest in this phenomenon attracted researchers when
(Ockleston, 1995) conducted experimental studies on abandoned concrete floors and
found enhancement in their ultimate strength to reach double that expected from the yield
line theory. (Park, 1964) demonstrated the effect of membrane action through an

experimental and analytical investigation and suggested that the maximum compressive

23



moment is reached at deflections amounting 'z the effective depth of the slab. Park added
that beyond this deflection, compressive membrane action diminishes rapidly and
flexural action takes over the slab response. Figure 2.1 illustrates development of the

membrane action according to Park.

Applied Load

Deflection

Figure 2.1 Load-Deflection Curves for Partially Restrained Slabs (Park, 1964)

The (AASHTO LRFD, 2004) design specifications suggests 3 methods of analysis for
slab-on-beam bridge decks; The approximate elastic method described in Article 4.6.2.1,
the refined method specified in Article 4.6.3.2, and the empirical design method specified
in Article 9.7.2. The elastic method of analysis is based on subdividing the deck into
strips perpendicular to the supporting components and considering the extreme positive
moment in any deck panel to apply on all positive moment regions. Similarly, the
extreme negative moment over any support would apply to all negative moment regions.
The refined method follows a finite element analysis approach which is time consuming
and difficult to validate, therefore this method should only be used for special structures
(Staff-BridgeSight software, 1999) . The empirical design method is a no analysis

method where the reinforcements is prescribed for a given slab cross section.
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Based on physical tests and analytical investigations, the guide states that the
most important parameter concerning the resistance of concrete slabs to wheel loads was
the ratio between the effective length and the design depth of the slab. Therefore,
provisions for empirical deck designs indicated limits to this ratio not to exceed 18 and
not to be smaller than 6. The design guide indicated a minimum slab core depth of 10.16
cm (4.0 in) and a minimum slab depth of 17.78 ¢cm (7 in), excluding a sacrificial wearing
surface. The empirical design method requires four layers of isotropic reinforcements that
provide both local flexural resistance and global confinement necessary to develop
arching effects. The minimum amount of reinforcement is 0.27 in’/ft of steel for each
bottom layer and 0.18 in*/ft of steel for each top layer. The specified steel to gross area
are requirements to provide better crack control in the positive moment area, and to
prevent spalling of the deck due to bar corrosions. The provisions in the new design guide

do not include cantilevered overhanging slabs (Hays et al., 1989) .

Comparing the reinforcement requirements in the empirical design method to that
in the traditional flexural method indicates that a reduction up to 50 % in the main steel
reinforcement can be realized using the empirical method. Figure 2.2 shows a comparison

of steel reinforcement required in both methods as sited by (Fang et al., 1990).
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Figure 2.2 Deck Reinforcement Required for Interior Slab and Girder Bridge (Fang
et al., 1990)
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2.4 Concluding Remarks

A review of the literature is conducted to identify the state of the art in instrumentation
systems for remote monitoring and analysis of bridge decks. The review focused on
identifying techniques that proved successful in securing valuable data for long term
monitoring of bridge structures as well as instrumentation methods that identified bridge
deck behavior from dynamic measurements. Design methods for concrete bridge decks
suggested by the AASHTO LRFD bridge design guide are briefly reviewed. The

following remarks can be drawn from this review:

e Advanced technologies in instrumentation, measurement systems and
communications attracted structural engineers and researchers for remote

monitoring of bridge systems during the last 2 decades.

e Although a number of challenges face the effective application of structural health
monitoring strategies, various measurement systems demonstrated to be useful for

identifying key-performance parameters through long term monitoring programs

of bridge decks.

e SHM programs based on continuous measurements has been used for evaluating
performance of structures, identify symptoms of operational incidents, anomalies
due to deterioration and damage, and for checking the structural health during or

after an extreme loading event.

e There is no off-shelf type bridge monitoring system available, therefore
researchers have to assemble suitable components that would satisfy their
monitoring objectives by integrating existing technologies in the most cost-

effective, efficient and reliable design.

¢ Dynamic properties of large structures are sensitive to environment variations,

therefore damage identification using vibration analysis of infrastructures could
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lead to misleading results if effects of temperature, and moisture changes are

overlooked.

Both local and global approaches for Structural Health Monitoring strategies are
needed to be investigated simultaneously in order to provide a set of indices that
can adequately assess the condition of a structure and diagnose any signs of

deterioration.

There is more interest to use ambient environmental or operating loads for
assessment of the structural integrity of large infrastructures opposed to

dependence on artificial excitation mechanisms.

Due to accessibility limitations, it is preferable to install instrumentation systems
while the structure is being under construction, provided that the system is rugged

to sustain hazards from construction operations.
The empirical deck design method specified by the AASHTO LRFD bridge

design guide is newly adopted and no long term data are available to verify the

performance of such decks in operational environment.
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CHAPTER 3

DESCRIPTION OF STAR CITY BRIDGE

3.1 Introduction

The new Star City Bridge is replacing a two lane steel bridge that became a bottleneck for
traffic in the Area of Star City, Morgantown, WV and their surroundings. In 2001
Buchart-Horn Inc. was recognized for this design achievement in the category of large
bridges. The design of the new Star City Bridge captured First Place honors for the
Engineering Excellence Award at West Virginia Department of Transportation Division
of Highways. The deck is analyzed following the latest design methods for light weight

bridge decks which offer a remarkable amount of flexibility despite its long span.

The bridge measures 306 meters (1004 ft) in total length and consists of 5 traffic lanes
that cross the Monongahela River over 4 spans to connect Star City and Morgantown
(WV) to I-79. Figure 3.1 is a view of the bridge after completion of construction work

and open to traffic.

The bridge design is governed by the West Virginia Department of Transportation,
Division on Highways Standard Specification for Road and Bridges, Adopted in 2000,
and its supplemental specifications. The design follows the (AASHTO LRFD, 1998)
Bridge Design Specifications. Construction followed a sequence of 2 major stages. Stage
one consisted of casting the substructure and superstructure for northbound portion of the
bridge while maintaining traffic on the existing old bridge. Stages two consisted of the
substructure and superstructure of the southbound portion of the bridge. A closure pour
linked the two phases and formed the median curb. Figure 3.2 illustrates a cross section
of the deck and shows both construction stages. The bridge has a 102° skew angle with its

centerline.
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Figure 3.2 Deck Cross Section Showing Sequence of Construction
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3.2 Reinforced Concrete Deck

The concrete deck consists of a reinforced concrete slab 16.5 cm thick (6.5 in), overlaid
by a 5 cm (2 in) layer of Latex Modified Concrete (LMC). The concrete deck is
supported by steel girders spaced at 3.65 meters (12 ft). Design specifications indicate
use of concrete Class K with water reducing and retarding admixtures. Epoxy coated
rebars in accordance with AASHTO M31, Grade 60 (AASHTO M31, 1996) are used as
steel reinforcement. A minimum concrete cover of 2.54 ¢cm (1 in) is specified for both top
and bottom steel reinforcing mats. Figure 3.3 shows a detailed cross section of the

concrete deck slab. Stay is place forms have been used in casting the deck.

Long. reinf.

;33 cm
5 cm LMC overlay  21.6 cm Min.

|
| b

Trans. reinf.

Figure 3.3 Details of Deck Slab

The concrete deck corresponding to each stage was planned to be poured in a sequence of
4 periods. Figure 3.4 illustrates the pouring sequence of the concrete deck as planned in
the bridge construction sheets. While pouring phase two, periods 6 and 7 were combined
together to overcome delays due to cold weather conditions. A modular expansion joint is
placed at each end of the bridge designed to allow expansion and contraction up to 30 cm

(12 in).
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Figure 3.4 Sequence of Concrete Deck Pour

3.3 Steel Superstructure

8 identical continuous steel girders with variable inertia support the concrete deck. The
girders web varies in height from 1.98 meters (6.5 ft) to 3.96 meters (13 ft) according to
the location along the bridge length. All structural steel components are from weathering
steel material. Grade S0W steel is specified for the portion of girders at mid-spans and at
locations of both abutments and Pier 3, while grade HPS70W is specified at locations of
Pier 1 and Pier 2. Tension flanges, webs and splice plates are designed to meet AASHTO
requirements of Grade 50-T2 in areas where grade 50W steel is used and the AASHTO
requirements of Grade 70-T2 where grade HPS70W steel is used. Fabricated sections of
the steel members were stored at the project site till assembly as continuous girders by
field bolted splices. No field welding or cutting was permitted on the site. The overall

dimensions of the steel girders are shown in Figure 3.5.
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Figure 3.5 Main Dimensions of Steel Girders

The bracing system consists of steel diaphragms as shown in Figure 3.6, spaced at
intervals of 8.23 m (27 ft) at Span 1 and Span 3, 8.38 m (27.5 ft) at Span 2, and 8.15 m
(26 ¥4 ft) at Span 4. The superstructure rests on reinforced elastomeric bearings that
transfer the deck load to the abutments and piers. Figure 3.7 illustrates erection

operations of steel girders
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Figure 3.6 Diaphragm Details
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Figure 3.7 Erection Operations of Steel Girders.

3.4 Substructure

The substructure consists of 2 abutments, wingwalls and 3 Piers. All but Abutment No.1
are supported by deep foundation consisting of piles and caps, while Abutment No.1 is
resting on shallow foundations. The actual vertical clearance above normal water level

measures 16.76 m (55 ft).

3.5 Concrete Material Testing

In order to be able to analyze any structural system, mechanical properties of the
materials used need to be evaluated. Despite the fact that concrete appears as a simple
material, it is very complex in its nature and determining its characteristics requires
extensive testing planning. The mechanical properties of the concrete material used to
cast the concrete deck are evaluated according to an experimental program based on
testing standard concrete specimens. This testing program is set to evaluate the
development of mechanical concrete properties with age starting from day 3 till 60 days

after casting. Experiments focus on evaluating mechanical properties such as
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compressive strength (f7;), tensile strength (f;), Modulus of Elasticity (E.), Poisson’s
Ratio (r), and Coefficient of thermal expansion and contraction (o). Table 3.1 gives an

overview of the performed tests and number of specimens along with their respective age.

Table 3.1 Tests Plan for Measurements of Concrete Properties

Test day day day day day day day day

1 2 3 7 14 21 28 60
Compressive Strength () 3 - 3 3 3 3 3 3
= modulus of rupture (f;) 3 - 3 3 3 - 3 3
% Modulus of Elasticity (Ec) 2 2 2 2 2 2 2 2
2 Poisson’s Ratio (1) 2 2 2 2 2 2 2 2
Coefficient of thermal Exp. (o) - - - - - - - -
Compressive Strength () 2 - 2 2 2 2 2 -
a modulus of rupture (f) 2 - 2 2 2 2 2 -
z Modulus of Elasticity (Ee) > 2 2 2 2 2 2 -
E Poisson’s Ratio (r) 2 2 2 2 2 2 2 -
Coefficient of thermal Exp. (o) - - - 2 2 - - -
Compressive Strength () 2 - 2 2 2 2 - -
g modulus of rupture (f;) 2 - 2 2 - - - -
% Modulus of Elasticity (E,) 2 2 2 2 2 2 - -
E Poisson’s Ratio (1) 2 2 2 2 2 2 - .
Coefficient of thermal Exp. (o) - - - 2 2 - - -

A total of 85 standard concrete cylinders were prepared through the course of the 3 pours
of the deck at phase 2. Among those, 6 were instrumented with embedment strain gages;
2 at each pour. 43 specimens were tested to determine the compressive strength at various
ages. 36 specimens were tested to determine the tensile strength at various ages. For each
pour, 2 instrumented cylinders served to plot stress-strain relations to evaluate the

concrete elastic properties. The instrumented cylinders were also used to plot longitudinal
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versus lateral strains to determine Poisson’s ratio and to evaluate the concrete thermal

characteristics at various ages.

3.5.1 Specimen Preparation

Standard concrete cylinders (6” x 12”) were prepared and cured according to ASTM
C192/C192M-02 (ASTM, 2002) . PVC cylindrical molds were used for casting concrete
cylinders after being greased from the inside surface. Specimens were cast at the site
location and were covered in plastic sheets in place till initial setting time. Concerns of
cold weather conditions at the site mandated transferring the concrete specimens to the
laboratory as soon as possible. Once the concrete material gained initial strength (8-12
hours) they were removed to the laboratory for curing. Molds were removed after 24
hours of casting and cylinders were moist cured by immersion in saturated water till the
moment of testing. A submerged water pump circulated the water in the curing tank

continuously and temperature was controlled at 25° C using a tank-heater.

Six instrumented cylinders were prepared for non-destructive testing. Instrumentation for
each specimen consisted of 2 embedment Vibrating Wire (VW) strain gages model 4202
manufactured by Geokon (Geokon, 1996) . Each strain gage incorporate a thermistor
type YSI 44005 that provides actual temperature at the surrounding concrete medium and
is used to make temperature compensation to the strain gage reading. The strain gage has
a gage length of 51 mm (2 in) which is suitable for embedment in the concrete cylinder
without affecting its characteristics. All sensor components are made of stainless steel
and the gage is fully waterproof. Figure 3.8 illustrate an instrumented mold prior casting
concrete. The two embedment strain gages are fixed together in an orthogonal
configuration at their center (non-moving element). A thread is initially used to tie the
two strain gages outside the mold and secure them in a cross shape with a 90° angle. The
two gages are then fixed with epoxy at their center. This arrangement is then placed at the
mold center using strings that are attached to the mold sides. The strain gages are secured
at their location in order to provide strain data from the longitudinal as well as lateral

direction as the specimen is loaded. Care is taken while arranging the strain gages in
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order not to damage the gages at any stage. The gage readings are checked before and
after each step using a portable reading unit (GK 403) and the threads used to hold the

gages in position do not exert any excessive stains on the gages.

3.5.2 Compressive strength

Concrete is essentially a compression material. It is well known that the compressive
strength of concrete is much higher than its tensile strength and in many cases the tensile
resistance is neglected all together in design. Therefore, measurements of compressive
strength of concrete material are of main interest in any project. Testing of compressive
strength was carried out according to ASTM C39/C39M-99 (ASTM, 1999) as illustrated
in Figure 3.9. Results from compression tests for the three pours are listed in Table 3.2.
The results are average values of tested specimens. Detailed results of all compression

tests can be found in (Appendix Al-Section Al.1).

Orthogonal Strain gages |

monnted in mold

Instrumented Cylinder Mold

Figure 3.8 Instrumentation for Standard Concrete Cylinder

36



Table 3.2 Average Compressive Strength of Concrete Material [MPa (PSI)]

Age of Concrete Pour No. 1 Pour No. 2 Pour No. 3
Day 1 12.27 (1780) 15.06 (2184) 17.74 (2573)
Day 3 25.76 (3737) 21.34 (3095) 29.63 (4297)
Day 7 34.13 (4951) 31.21 (4527) 30.48 (4421)
Day 14 38.20 (5541) 34.32 (4978) 35.24 (5111)
Day 21 - 34.75 (5040) 32.74 (4748)
Day 28 40.80 (5918) 35.54 (5155) -
Day 60 47.61 (6906) - -
Concrete Steel Cap with
Cylinde - neoprene pad
Guard
e

Figure 3.9 Testing of Compressive Strength of Concrete

3.5.3 Tensile Strength

(Carino and Lew, 1982) conducted a study on statistical analysis of experimental data of
splitting tensile strength and compressive strength of normal-weight concrete. The data
included published test results by (Gardner and Poon, 1976) as well as unpublished data
from the National Bureau of Standards (NBS), (Lew and Reichard, 1978) . In their study,
Carino and Lew reported that the assumed proportionality of splitting tensile strength to

the square root of compressive strength was not the most accurate relationship. Carino
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and Lew argued that the current ACI formula overestimated the splitting tensile strength
for low compressive strength and underestimated that for high compressive strength.
Therefore tensile strength of concrete material at various ages was determined by
conducting a set of tests in the laboratory. Standard concrete cylinders were tested for
splitting tensile strength according to ASTM C496/C496M-02 . A summary of the test
results are listed in Table 3.3, while detailed results are given in (Appendix Al-Section

Al.2).

Table 3.3 Average Tensile Strength of Concrete Material [MPa (PSI)]

Age of Concrete Pour No. 1 Pour No. 2 Pour No. 3
Day 1 1.60 (233) 2.14 (310) 2.03 (249)
Day 3 3.11 (451) 2.91 (422) 2.23 (324)
Day 7 3.52(511) 3.27 (474) 3.02 (438)
Day 14 3.45 (501) 3.53(512) -
Day 21 - 3.43 (498) -
Day 28 3.85(558) 4.27 (620) -
Day 60 3.38(491) - -

3.5.4 Modulus of Elasticity

Modulus of Elasticity, also known as Young’s Modulus, is expressed as the ratio between
normal stresses and corresponding strains below the proportional limit of the material.
Previous studies showed that the concrete Modulus of Elasticity is directly related to its
compressive strength. (Byfors, 1980) studied the early age properties of concrete
material where he demonstrated that at 5 hours, the strains in compression are mainly
inelastic. Byfors recorded that the concrete material at that early age behaves similar to a
clay-like material. The known stress-strain relationship that characterizes the concrete
material starts appearing after 15.8 hours. After this particular age, the shape of the
stress-strain relationship does not change radically although its absolute quantitative
magnitudes vary. The modulus of elasticity of the three deck pours was evaluated at ages

ranging from 24 hours till 60 days after concrete casting. Test procedures followed
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specifications of ASTM C469-94el for determining the static Modulus of Elasticity of
Concrete in compression. The Instrumented cylinders were used for this purpose where
compressive stresses are provided through a loading frame, and corresponding strains are
collected from the embedment strain gages. For every particular age of concrete, two

tests were performed on two different cylinders and the value of the modulus of elasticity

refers to their average.

The test setup is illustrated in Figure 3.10 and a schematic diagram illustrates the setup

main components in Figure 3.11.

( , cylinder

Figure 3.10 Test Setup for Measurements of Modulus of Elasticity
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Figure 3.11 Schematic Diagram of Setup for Measurements of Modulus of Elasticity

The setup main components are:

Instrumented concrete cylinder for measuring compressive stress and
corresponding strains. The cylinder is loaded using standard steel caps and
neoprene pads to insure a uniform stress across the cylinder top and bottom
surfaces. A spherical washer is used to apply an axial load on the specimen.

Load cell model (41/0573-01) from Sensotec with capacity 222 KN (50,000 1bs)
for recording the applied load.

LVDT model 060-3590 from Sensotec with 0.2 inches range for monitoring rate
of deformation.

Signal conditioner and digital indicator (Sensotec model GM) as readout units for
load cells and LVDT.

BNC switch box from National Instruments.

Multiplexer model 8032 from Geokon.

Data Logger model 8020 Micro-10 from Geokon for recording of strains and
temperature data from vibrating wire sensors.

Computer equipped with Labview software for recording of loading data as well
as online monitoring of loading and displacement rates, and Multilogger software

for controlling the data logger.
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Table 3.4 illustrates the average Modulus of Elasticity of concrete material for each pour
recorded along ages varying from day 1 to day 60. Detailed results of the testing
procedures can be found in (Appendix Al-Section A1.3).

Table 3.4 Average Modulus of Elasticity of Concrete [MPa (PSI x 10%)]

Age of Concrete Pour No. 1 Pour No. 2 Pour No. 3
Day 1 36453.27 (5.287) 23924.81 (3.470) 23062.96 (3.345)
Day 2 34408.28 (4.991) 27820.34 (4.035) 26855.08 (3.895)
Day 3 36299.86 (5.265) 29130.35 (4.225) 28475.35 (4.130)
Day 7 38473.43 (5.580) 31302.20 (4.540) 29095.87 (4.220)
Day 14 38091.46 (5.525) 34301.42 (4.975) 33818.78 (4.905)
Day 21 39816.19 (5.775) 32508.78 (4.715) 32991.41 (4.785)
Day 28 40995.54 (5.946) 41816.70 (6.065) 23062.96 (3.345)
Day 60 35095.00 (5.090) 23924.81 (3.470) -

3.5.5 Poisson’s Ratio

Poisson’s Ratio for concrete material is being calculated from the data collected during
the Modulus of Elasticity tests according to ASTM C469-94el. Strain measurements
from the longitudinal and lateral embedment strain gages are used to provide a ratio
between the axial and transversal deformation of the concrete cylinder under

compression. Poisson’s ratio is recorded in Table 3.5 for various concrete ages.
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Table 3. 5 Average Poisson’s Ratio of Concrete

Age of Concrete Pour No. 1 Pour No. 2 Pour No. 3
Day 1 0.259 0.1885 0.206
Day 3 0.24 0.2105 0.197
Day 7 0.2595 0.202 0.2305
Day 14 0.261 0.225 0.198
Day 21 0.245 0.2375 0.2225
Day 28 0.2495 0.213 -

Day 60 0.237 - -

3.5.6 Coefficient of Thermal Expansion

Coefficient of thermal expansion is obtained following (CDR-C39-81) . Temperature
variations of the concrete cylinders as well as corresponding strains are recorded while
saturated in a water bath as shown in Figure 3.12. Tests were performed for the second
and third concrete pours at day 7 and 14. At each concrete age, two instrumented
cylinders were tested for a temperature rise up to 10°C from room temperature. The
coefficient of thermal expansion was evaluated for both longitudinal as well as lateral
deformations and their averages are being calculated. The test is performed on stages
where the temperature is being controlled by a heater that increases the water temperature
to a known value. Once the temperature reaches a steady state condition, the temperature
is increased to the next level. Strain values are continuously recorded from the data
acquisition system with an interval of 2 minutes. Table 3.6 lists the average coefficient of
thermal expansion resulted from those tests while detailed measurements can be found in

(Appendix Al-Section Al.4).
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Figure 3.12 Measurements of Coefficient of Thermal Expansion

Table 3.6 Average Coefficient of Thermal Expansion

Age of Concrete Pour No. 2 Pour No. 3
(strain/’C) (strain/’C)

Day 7 9.82 9.16

Day 14 9.46 8.93

3.5.7 Analysis of Concrete Material Properties

The maturity method is a useful nondestructive technique for estimating the in-place
strength of concrete material (Nawy, 1997) . A comprehensive review of this method’s
history can be found in (Carino and Tank, 1992) . The method compensates for the
combined effects of time and temperature on development of in-situ concrete strength.
The method is described in ASTM C1074-98 where the maturity index is expressed in
terms of a temperature-time factor and equivalent age established from recorded
temperature history of the field concrete. The strength of the field concrete is estimated

using the calculated maturity index and strength-maturity relationship developed from the

laboratory tests.

Te strength-maturity relationship is expressed in Equation 3.1.

S=S, [%} Equation (3.1)
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Where:

S = average compressive strength at age (t)

T = test age

Su = limit strength

to = age when strength development is assumed to begin (zero days)
k = rate constant

In order to determine the values for S, and k for each pour, the hyperbolic function in
equation 3.1 is fitted to the experimental data set as shown in figure 3.12 to Figure 3.14.

The function parameters are listed in Table 3.7.

Table 3.7 Values of Hyperbolic Function Parameters for Concrete Strength

Parameter Pour No. 1 Pour No. 2 Pour No. 3
K 0.3 0.65 0.8
Su 7100 5500 5500

The equivalent age (t.) is computed from Equation 3.2.

@
t,=2e At Equation (3.2)

Where:

te = equivalent age at a specific temperature Ts, (days)

At = time interval, (days)

T, = average concrete temperature during time interval, (K).

T, = specific temperature, (293 K).

= activation energy divided by gas constant (5000 K)

the compressive strength at the site (S) at various ages can be predicted by substituting
the equivalent age of concrete of each pour and its corresponding K and S, values into the
strength maturity relationship (equation 3.1). Figure 3.13 to Figure 3.15 illustrate a
comparison between laboratory test results and calculated compressive strength of each

pour using the maturity method.
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Figure 3.14 Concrete Compressive Strength for Pour No. 2
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Figure 3.15 Concrete Compressive Strength for Pour No. 3

Although the values of average in-situ compressive strength of concrete material
approaches those measured from laboratory tests for pour No. 2 and No. 3, those field
values predicted for pour No. 1 are relatively smaller compared to their corresponding
laboratory results. The decrease in strength magnitude observed by the maturity method
is attributed to the decrease in ambient temperature after pouring the first sequence. This
particular pour took place in late December of 2003. Because of the cold weather
conditions, the concrete temperature was sustained above 10° C (50° F) for the first 14
days by using thermal blankets and running warm water as illustrated in Figure 3.16.
After this period, the blankets were removed and the concrete temperature dropped to a

range between -12° C (10.4° F) during the night and + 4° C (39.2° F) during the day.
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Figure 3.16 Thermal Blankets Covering Deck Pour No. 1

Values of modulus of elasticity and split tensile strength can be predicted from the
compressive strength measurements using the empirical formulae as in equation 3.3 and

equation 3.4 respectively.

E, = 33Wi‘5 fC' Equation (3.3)

/.= 7\/7 Equation (3.4)

Where:
e is the compressive strength of concrete (PSI)
We is the weight of concrete (1bs)

Measurement values of modulus of elasticity and split tensile strength are compared to
predicted values from Equation 3.3 and Equation 3.4 in Figure 3.17. It is evident from the
comparison that the test results are quite in accordance with theoretically predicted

values.
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CHAPTER 4

INSTRUMENTATION SYSTEM

4.1 Introduction

The instrumentation system is designed to allow remote monitoring and to secure data
records of key performance parameters directly related to bridge structural health such as
relative motion, fatigue, true stress in steel super-structure members and concrete deck.
This data base provides continuous time histories of the behavior of the bridge members,
which combined together, give an indication of the damage profile of the structure. The
sensory system is classified in 2 main categories; measurements of loading parameters
and response parameters. Response parameters refer to tri-axial state of stress and strains
in the concrete deck, strains and bending moments as well as shearing stresses and
inclinations of the steel girders, forces at the diaphragm members, expansion and
contraction of bridge ends, strains and stresses in rebars, crack formation in concrete deck
and inclinations of abutments and piers. Loading parameters include long term effects
such as seasonal and diurnal climatic changes, and dynamic effects such as traffic loads.
The instrumentation system is economically feasible and has proven to be reliable, robust
to survive multiple construction phases and durable to sustain exposure to harsh
environmental conditions for years. Similar systems were used on different scales on
“Smart Highways and Bridges” in West Virginia as means of ensuring the efficiency,
longevity, safety and security of transportation infrastructure (Shoukry et. al 2003, 2004
and 2005) . The instrumentation of Star City Bridge is also aiming to demonstrate the
effectiveness and benefits that health monitoring of civil infrastructure can offer while
taking it from mainly a research area into practical implementations that can be applied

routinely in the future.
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4.2 Instrumentation Objectives

The instrumentation system of Star City Bridge allows remote sensing of the response of
various bridge elements at critical locations in the superstructure. The instrumentation
plans were set to provide a record of measurements in particular locations that were
identified through examination of the design sheets and indicated maximum response to

various loading configurations. The sensory system serves the following goals:

4.2.1 Structural Design aspects:

Because of the complexity of the problem, there are a lot of assumptions that have gone
into bridge design. Continuous monitoring of the bridge response to the adverse effects of
weather and traffic loads can provide necessary data that makes it possible to verify those
assumptions. Analysis of measurements time histories can give better understanding of
bridge behavior and develop more rational approaches for design than empirical methods.
The loading and response time histories will be used to verify design predictions related
to empirically designed decks as well as provide a more in-depth analysis of the behavior
of bridge structures. Main tasks are:

e Identify the actual stresses that occur in critical bridge elements due to real life
loads and climatic changes. This will serve to identify the cost effectiveness in
design theories and eliminate over design applications.

e Provide continuous data histories that can offer better understanding of the
behavior of various bridge elements, thus can be used to enhance the performance
of future bridges to make them more efficient.

o Identify the actual locations where maximum stresses occur and device means to
selectively optimize the design and strengthen those locations using high

performance materials that are expensive if used on the full length of the bridge.

4.2.2 Enhance Bridge Maintenance Strategies

It is apparent that the ability to detect damage at early stages is critical to reduce repair

costs and time duration for those repairs. By providing a more sophisticated and better
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method than visual inspections to identify signs of distresses, it will be possible to
respond timely to the bridge maintenance needs. Maintenance of the bridge can be
performed before the occurrence of severe deterioration. Such a rational method will
enhance the way decisions are made about the condition of the bridge members and will

set priorities for maintenance strategies.

4.2.3 Infrastructure Security

The sensory system is designed in an attempt to provide a warning signal in case of
severe damage to a critical element. Similar systems may be used on bridges, tunnels,
dams, pipelines, power transmission lines, to remotely monitor their condition and
provide an early warning signal in case of damage due to an accident or a deliberate act

of terrorism.

4.2.4 Forensic Studies of Reasons for Structural Deterioration

Data form both loading configurations and response parameters are collected
continuously from the time of construction. It will become possible to conduct forensic
analysis to identify the factors that lead to different structural deterioration signs. There
are various factors that can contribute to the deterioration of bridge elements. In order to
identify means to treat a distressed component, it is important to locate the main cause of

such deterioration first and hence identify proper maintenance procedures.

4.3 Sensory system

The right selection of sensors is crucial for any successful measurement. Before selecting
the sensory system installed on Star City Bridge, a variety of sensor technologies were
closely examined and different sensors were tested in the laboratory for validation of
their sensitivity level, stability in various environmental conditions and loading
configurations, and also for verifying their response range. Examples of such sensors
were fiber optic strain gages, wire resistance strain gages, and vibrating wire sensors. The

design of the instrumentation system and installation schedules were thoroughly studied
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and discussed with both WVDOT officials and the contractor’s engineers prior to
installation of any sensor. This coordination was necessary in order to protect the sensors
from the rigors of concrete placement during the course of construction and to organize
the logistics of traffic and use of heavy lifting equipments within the various construction
operations. All sensors used were tested in the laboratory before being shipped to the site

in order to insure their proper function.

4.3.1 Measurement of Response Parameters

Long term response data are measured using sensors that operate following the Vibrating
Wire Principal. In this technique, a wire is under tension between two end blocks. Once a
deformation occurs in the surrounding medium, the end-blocks move relative to each
other, which alters the resonant frequency of the attached vibrating wire. By plucking the
tensioned wire, the resonant frequency can be measured using an electromagnetic coil.
Strains in the medium are measured by knowing the calibration that relates the change in
resonant frequency of the vibrating wire to the deformation between the end blocks.
Vibrating wire gages have great advantages over more conventional electrical resistance
or semi-conductor types. The reason lies mainly because of the use of a frequency rather
than a voltage as the output signal; a feature that provides excellent long term stability,
resistance to effects of humidity variations, and suitability for signal transmission over
long cables. All long term sensors in this instrumentation system are manufactured by

Geokon Inc. and operate in a temperature range between — 20° C to + 80° C.

Tri-axial strains in Concrete Deck

105 embedment strain gages model VCE-4204 measure the tri-axial state of strain in the
concrete deck. Those are placed in a strain tree configuration as indicated in Figure 4.1
where each tree contains 5 strain gages. Strains are measured at the locations of the top
and bottom reinforcing mats in both directions; parallel to traffic and perpendicular to
traffic. the “x direction” refers to the direction parallel to traffic, while “y direction”
refers to the one perpendicular to traffic. The total number of strain trees is 21. The VCE-
4204 is a vibrating wire embedment strain gage designed for direct placement in concrete
(Geokon, 2000) , and having a gage length of 10.16 cm (4 in), it is suitable for
embedment in the Star City Bridge deck. All gages are water proof and all their
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components are made from stainless steel for corrosion protection. The sensors are placed
between the deck rebars by being attached to stainless steel bars 0.635 cm (% in) in
diameter. Plastic wire ties are used to secure the stainless steel bars to the deck steel
reinforcement while stainless steel clamps are used to attach the gages at their proper
position on the stainless steel bars. The sensors were attached at the location of the coil in
order to avoid stressing the end blocks. The strain gages Model 4204 have a nominal

range of 3000 ue& and a resolution of one ye.

top and bottom strains  strains

o in y direction in z direction "[Op str'alns. in rebars
top strains in rebars in x direction

in y direction -

4 top and bottom strains
: in x direction

stainless steel
bar

Figure 4.1 Embedment strain gage tree

Strains in Concrete Deck Steel Reinforcement

42 vibrating wire rebar strain meters model 4911 continuously record the strains in the
deck steel reinforcements. The rebar strain meters, also known as sister bars are installed
as components of the strain trees to measure strains in the top mat reinforcement in both x
and y directions as indicated in Figure 4.1. The sister bars are installed by tying those to
the reinforcing bars using two pairs of stainless steel clamps. Geokon manufacture the
sister bars with a short length high strength steel containing the sensing element, and
welded between two 59.4 cm (23.27 in) long sections of dented reinforcing bars No. 4
(12 mm diam.). The gage has a strain range of 2500 ue&, with a resolution of 0.4 ue
(Geokon, 2000a) .
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The strain trees are positioned to collect strain data in the concrete material and steel
reinforcement at locations of maximum stresses between the bridge piers and at the
locations of the piers. The strain trees are embedded in the deck along Girders No. 6, 7,
and 8. Figure 4.2 illustrate the locations of the strain trees with respect to the bridge cross

section.

| Embedment strain gage tree 4 Deformation meters

cal

G8

Figure 4.2 Location of Embedment Sensors in Bridge Cross Section

Measurements of Cracks in Concrete Deck

56 embedment vibrating wire crack meters model 4430 record the initiation and
propagation of concrete cracks at locations of maximum stresses in the deck. Those are
placed in series of 4 sensors with 2.54 cm (1 in) overlap as illustrated in Figure 4.3 to

provide incremental deformation measurements at 14 locations along the deck.

Figure 4.3 Crack Meters
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The Crack meters were specially manufactured to have a length of 122 cm (4 ft), and a
diameter of 1.27 cm (%2 in) to fit the 2.54 c¢cm (1 in) bottom concrete cover. The crack
meters were placed between the bottom reinforcing mat and the SIP forms to detect any
cracks at the deck bottom. The sensors were secured at their locations with plastic wire
ties that attached them to the bottom steel reinforcement. The extension range of the
crack meters in 12.5 mm (2 in). Figure 4.2 illustrates the location of the crack meters in

the deck cross section.

Overall bridge expansion and contraction

Two vibrating wire displacement transducers model 4420 record the overall expansion
and contraction of the bridge ends relative to their corresponding abutment due to
seasonal and daily temperature changes. A special fixture was manufactured at West
Virginia University workshops to house those 2 sensors and adopt them to be embedded
in concrete as shown in Figure 4.4. As the 4420 displacement transducer is designed to
measure displacements across joints, it was not intended to be embedded in concrete.
Therefore the sensor was placed inside a 10 cm (4 in) diameter PVC tube with its anchors
extended outside the tube through 2 end opening. After the concrete was placed, the tube
was cut in the middle at the location of the expansion joint, to allow for the sensing gage

to expand and contract freely. The sensor measures displacements up to a range of 30 cm
(1 fv).

Y:E‘- (‘1 \:._.. —- p = \:‘
(] _sensor

3\

protective
PVC pipe

Bridge
abutment wall

Figure 4.4 Convergence Meter at Bridge End
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Straining actions in steel superstructure

200 strain gages model VSM-4000 are installed on the steel superstructure to record both
shear and bending stresses as well as straining actions in the girders and diaphragm
members. The Model 4000 gages are designed primarily for arc welding to steel elements
and have a gage length of 150 mm (6 in) with a strain range of 3000 u¢ and al wue
sensitivity (Geokon, 1998) . Mounting those particular sensors on the steel girders
represented a challenge since any type of welding was not allowed by the WVDOT due
to concerns of excessive stress concentrations resulting from localized heat generation
during the welding process. A special technique was adopted for bonding the selected
strain gages to the steel girders and proved to be very efficient. The bonding agent
(Loctite H4500) was then protected against exposure to moisture attacks. Bonding of

strain gages followed a sequence as illustrated in Figure 4.5.

Surface preparation and Bonding strain gages
measurements

Temporary moisture
protection

Permanent Moisture Cable mounting
protection

Figure 4.5 Bonding Operations of Strain Gages on Steel Superstructure
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The VSM-4000 gages are mounted according the following procedures:

e The surface at the back of the mounting blocks (bonding surface) is prepared by
grinding before receiving the bonding agent.

e The sensor is mounted to the blocks and set aside; in the mean time the location of
the sensor on the steel structure is prepared.

e The surface on the steel member is cleaned with acetone to remove all dirt and oil.

e The position of the sensor is marked on the clean surface and the exact sensor
location is recorded.

e The position of the mounting blocks on the steel surface is grinded to remove all
scale, debris and rust.

e Right before applying the bonding agent, the steel surface of application as well
as the mounting blocks are cleaned again with acetone.

e The epoxy bonding material (Loctite H4500) is applied on the steel member and
spread with a wooden application stick.

e The sensor is mounted on the surface and kept in position by a pair of magnets
that were positioned on the mounting blocks.

e After the bonding agent is set (3 minutes), the bonded sensor and blocks are
covered with a plastic sheet and sealed with duck tape to protect from rain or
moisture.

e The location of each sensor is revisited where the coil assembly and cable are
attached to the sensor, the mid-range is set, and a layer of rubber moisture sealant

is spread on the exposed bonding agent for protecting against moisture.

Girders Bending Moment

The VSM-4000 gages are bonded on the girders web in a typical arrangement to measure
bending moments. The locations of the sensors along the girders correspond to the
locations of maximum stresses that were identified from studying the bridge design
calculation sheets as illustrated in Figure 4.6. The gages are arranged in two pairs back to

back on the web as shown in Figure 4.7 in order to measure both in-plane and out-of-
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plane bending moments. Bending strains are usually higher at distances away from the
section neutral axis. Therefore the lower pair of gages is bonded at a distance of 10 cm (4
in) measured from the lower flange. The location of the top pair varied according to
accessibility measures. Due to the large height of the girders, it was not possible to reach
the top flange at some locations; hence the gages were bonded at distances from the top
flange measuring 10 cm (4 in) when possible, and 38 cm (15 in) otherwise.. Bending
moments were measured on both girders No. 6 and No. 7. Figure 4.8 is a picture of the

sensors mounted on the steel girders at their final form.
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Figure 4.7 Measurement of Steel Girders Bending Moments
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Figure 4.8 Bending Sensors at Final Stage

Girders Shearing stresses

Three VSM-4000 gages are bonded in a 45 degree strain rosette configuration at location
of maximum shearing stresses on the girders supports. The strain rosette is placed at the
girders’ mid-height in order to measure shearing stresses at the location of maximum
shear flow. Shearing stresses are measured on girders 5, 6, 7 and 8 at the location of both
abutments. Shearing stresses are also measured on girders 6 and 7 on both sides of each
pier. Figure 4.9 illustrate a schematic drawing showing mounting of sensors on girder No.
6 from one side of pier 3 while Figure 4.10 illustrates the typical position of a strain

rosette at pier 1.
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Figure 4.9 Schematic Drawing of Bending and Shear Sensors on G6 at Pier 3

Figure 4.10 Shear Rosette at its Final Stage

Forces and bending moments in diaphragm members

Axial forces in diagonal diaphragm members as well as those for the top chord members

are measured through records of strain values. Stain gages model VSM-4000 are bonded
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at designated diagonal members at the location of piers as well as at location of
maximum deck stresses between supports. Each diagonal member carries one strain gage
at its mid-length, which allows recording axial strain variation and could be post
processed to calculate the change in axial forces in that particular member. The gage is
bonded at the middle of the member flange. The top chord members carry two bonded
strain gages that allow measuring both axial forces as well as bending moments. The
gages are bonded at 5 cm (2 in) from the top and bottom of the web. Figure 4.11
illustrates an example of a strain gage bonded to a diagonal member while Figure 4.12
shows the locations of bonded strain gages on the steel superstructure measuring shearing
stresses, bending moments, and axial forces at the locations of piers, abutments and in-

between bridge supports.

Figure 4.11 Strain Gage Bonded to a Diaphragm Diagonal Member

bonded strain gage

I

G4 G5 G6 G7 G8

Shear rosette Shear rosette

A- Instrumentation of Steel Superstructure at location of Abutments
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bonded strain gage

Pair of strain gages bonded
Back to back for bending measurements
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B- Instrumentation of Steel Superstructure at location of Piers

bonded strain gage

Pair of strain gages bonded
Back to back for bending measurements

C- Instrumentation of Steel Superstructure at Max. Stresses between Supports

Figure 4.12 Locations of Strain Measurements on Steel Superstructure

Temperature Measurements in Bridge Superstructure

Each and every vibrating wire sensor incorporates a thermistor type YSI 44005 that
provides continuous records of the temperature in the medium surrounding the sensor.
The temperature record is needed to apply a temperature correction to the sensor reading
that takes into consideration the variation between the coefficient of thermal expansion
and contraction of the sensor material and that of the measured medium. There are 439
thermistors involved in this instrumentation system that provide an overall thermal map

of the concrete deck temperature and record temperature data for the sensors thermal
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compensation. Temperature is recorded in the concrete deck at levels of both top and
bottom reinforcing mats as well as in the deck mid-height. Temperature is also measured
at the girders web at the location of the top and bottom flanges as well as at mid-length of
diaphragm members. The thermistors are able to measure temperatures spanning -50°C

to +150° C.

Angle of Inclination of Steel Girders

Angles of inclination of the steel girders are continuously recorded at 4 locations as well
as abutment 2 and pier 3. Inclinometers models LCI-14.5 manufactured by Jewell
Instruments are used for the measurements of angles. The sensor is from the inertial type,
designed for low frequency tilt sensing applications with a range of £14.5 degrees. The
sensor follows the servo force-balance principal where the sensing element is the flexure
suspension type torquer. The servo force-balance inclinometer produces an output signal
proportional to the force required to maintain the mass in an equilibrium position. The
high level DC output signal is proportional to the sine of the angle of tilt with a resolution

of 0.1 arcs second.

Inclinometers data are being transmitted wirelessly through an in-house built digital
wireless system to the field office. Given the relatively small values of the analog data
and the high level of external electrical noise, transferring those data through cables
hundreds of feet away from the place of origin would be highly risky. Amplifying the
signal before transmission would not solve the problem considering the risk of signal
contamination with amplified noise. Therefore, the system was designed to convert the
analog values produced by the inclinometers into a digitized format at the location of
each inclinometer and to transmit them wirelessly. Each inclinometer sensor is connected
to a transmitter box designed for minimum current consumption, which transmits the
signal to one common receiver, in a peer-to-peer serial communication protocol. The
digitized data are fed into an RF transceiver through a quarter wave antenna as an input.
The RF transceiver runs in a license free range and conveys those data to the receiver,

which converts them into a digital format with a 16 bits resolution at 200ksps suitable for
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a single board computer (SBC). Using the master-slave concept, the whole process of
data collection and storage is controlled through the (SBC) being the master. Data are
collected serially by the SBC and stored as an equivalent voltage value in a comma
delimited, text format. Figure 4.13 include a picture of one inclinometer setup placed on
abutment No. 2 and its data transmission device. Figure 4.14 illustrates one inclinometer

while being positioned on the girder lower flange.

b Abutment

Inclinometer

Figure 4.13 Inclinometers and Wireless Data Transmission Devices

Prior to installing the inclinometer systems on the bridge girder, extensive calibration of
the sensor-transmitter subassemblies was performed in the laboratory in order to issue a
set of equations that relate angles and digital output signals from the system. Since the
digital value is proportional with the angle of tilt, a Sine-bar and a set of block gages
were used to apply a range of known angles to each device, and the corresponding digital

voltage readings were recorded.
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Steel Girder

Figure 4.14 Position of Inclinometer on Girder Lower Flange

The digital voltage values from the wireless system were also compared to output voltage
readings measured directly from the sensor. The calibration process yielded the following

equations that convert digital signals into angles:

e 1: g = 2.875x| 202XDV) 2661 Equation 4.1
32767

Ine2: a=2.8953x| 2288XDV ) g714 Equation 4.2
32767

Ine3: a = 2.8868 x| 204DV 4703 Equation 4.3
32767

Inc4: a =2.8602 x 5017—XDV -0.4291 Equation 4.4
32767

Where: a is the angle (deg.)
DV s the output digital value

Figure 4.15 illustrates the location of the inclinometers mounted on Girder No. 5.
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Figure 4.15 Position of Inclinometers along Girder No. 5

Dynamic Strains in Concrete Deck

14 innovative vibrating wire embedment strain gages record the dynamic stresses in 2
directions in the concrete deck along the wheel paths due to moving traffic. Those
innovative sensors are unique and proved through laboratory calibration their ability to
record both dynamic and static response of structures through a special data acquisition
unit. The sensors proved to be stable and experience zero drift which makes them capable
of retaining their reference level for years. The sensors measure strain values at the level
of the top reinforcing mat. Figure 4.16 shows the location of dynamic measurements on

the concrete deck and mounting of the dynamic sensors within the steel reinforcements.

_,I

Figure 4.16 Dynamic Strain Measurements in Concrete Deck
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4.3.2 Measurements of Loading Parameters

Loading parameters are categorized in terms and effects into long-term and instantaneous
configurations. Long-term loading include weather related variables such as changes in
ambient temperature and relative humidity. Instantaneous loading refer to the effect of

traffic loads, wind loads, and dynamic shocks.

Measurement of Weather Data

Diurnal and seasonal climatic changes are important parameters that contribute to the
long term loading configuration. A weather station is installed at the bridge site and
provides records of weather data. The weather station is Model ET106 Manufactured by
Campbell Scientific Inc., and provides continuous measurements of wind speed and
direction, ambient temperature, relative humidity, rain fall, and solar radiation. The
weather station is illustrated in Figure 4.17. The ET106 is mounted on a 3 m (10 ft) pole
which is fixed to a 1.2x1.2x0.6 m (4x4x2 ft) concrete base. The weather station is
equipped with a COM210 phone modem that allows remote communication through a
phone line. The “Visual Weather” software controls the station and allows performing
post-processing operations on retrieved data to produce special meteorological reports.

The weather station is configured to record weather data with a frequency of 15 minutes.

Figure 4.17 ET106 Weather Station
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Measurements of traffic spectrum

Peizo-electric sensors are the core of a weigh in motion (WIM) system that is installed at
the bridge entrance and provides continuous time histories of axle loads crossing the
southbound roadway. The system is designed in an attempt to create a cost effective
device based on commercially available components and in-house built data acquisition
system as well as in-house developed software. Data output formats and protocols for
equipment calibration are developed following the guidelines of (ASTM-E-1318) . The
WIM system is installed on the driving lane of the southbound roadway which carries
most of the traffic and is capable of providing data including wheel weight, actual speed,
number of axles for each vehicle, and distance between axles, as vehicles travel at
highway speeds. The WIM System uses two piezo-electric sensors type Lineas 9195E,
manufactured by Kistler Instruments, along with two inductive loops and loop detectors
manufactured by EMX IND. INC. As shown in Figure 4.18, conditioned signals from the
sensor block are fed into an in-house built signal processing unit. A weather proof control
box is fixed at the proximity of the bridge entrance and houses the signal processing unit
including the following components:

e signal conditioners

e loop detectors

e A/D converter

e on-site processor unit

e storage block

e power management block

e Two marine batteries that are charged through a solar panel.

Figure 4.19 illustrated the sequence of placing the WIM system at the bridge entrance.
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Saw-cutting at locations of sensors Placement of loop detectors at cleaned cuts

Placement of Peizo-electric sensors Grouting

Figure 4.19 Sequence of Placing the WIM System at the Bride Entrance
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4.3.3 Data Acquisition system

The long-term monitoring system uses six micro-10 data loggers model 8020 (Geokon,
2003) that are placed at different location along the bridge in a network configuration.
The data loggers are housed in weather proof enclosures that are secured to the parapet
wall and are accessible from the bridge side walk for maintenance purposes and/or for
direct manual downloading of data. Model 8020 Micro-10 datalogger is capable of
reading vibrating wire sensors, Carlson type sensors, thermistors, thermocouples, Sonic
probes, TDR cables, and all voltage type devices, etc... One data logger can
accommodate up to twelve single ended sensors for direct measurements, while this
capacity can be expanded up to 256 channels by connecting eight multiplexers each with
32 channel capacity. The data logger electronic blocks are contained in a stainless steel
enclosure for use in harsh environment and can provide resistance to moisture and
humidity and protection against lightning damage. Wide temperature tolerance allows the
loggers to work in a temperature range of -23°C to +50°C (-9.4°F to +122°F). The
standard memory storage capacity is 62000 data points, and can be expanded optionally
to 1,000,000 data points. A digital signal processing unit (DSP) is incorporated with the
datalogger to eliminate effects of electrical noise and interference on vibrating wire
sensors. The data logger is controlled through a Windows® based Multilogger software
that can be configured to provide online monitoring, collection of data, and setting alarm
limits. The data loggers were programmed to collect data from all installed sensors
simultaneously according to the sequence of construction with a frequency of 20 minutes

since time of construction to date.

Vibrating wire sensors are wired to 28 multiplexers model 8032 that are mounted at
different locations along the full length of the bridge, each with 32 channel capacity.
Each multiplexer communicates to the closest data logger through one single
communication cable. Each multiplexer consists of a terminal board where sensors lead
wires are connected and a multiplexer board with mechanical relays that allow switching
of the gage connections. Figure 4.20 illustrates wiring of sensors into multiplexer boards.
The multiplexers are configured to accommodate 16 channels of 4 conductors or 32

channels of 2 conductors through a jumper on the multiplexer board. A special fixture is
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constructed from galvanized steel angles and allowed mounting the multiplexers on the
structural steel girders. The fixtures were tailored at the site to accommodate each

location individually and to mount a number of 2 to 3 multiplexers as required.

All data loggers are daisy-chained together and can be accessed from the field office on a
single coaxial cable through Campbell Scientific MD9 Multidrop System. Through the
MD?9 system, each datalogger in the network has a unique ID, therefore can be addressed
individually from a single computer. The communication cable is mounted on the parapet
wall and runs along the bridge in a protective PVC conduit. The data acquisition system
is equipped with a COM200 phone modem that enables remote monitoring and download
of data from any place on earth via a telephone line. Figure 4.21 illustrates the
configuration of data acquisition and distribution of logging units. As mentioned before,
the WIM system as well as the inclinometers have separate in-house built data acquisition

systems.

Figure 4.20 Wiring of Gages to Multiplexers Boards
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Figure 4.21 Data Acquisition System

Special care was taken to secure the data acquisition system and sensors connectors
against moisture and/or chemical attacks. Once all sensors terminals are connected to the
multiplexers and the system is tested, all inlets were sealed with an expanding foam
substance that filled all voids between the cables once cured as illustrated in Figure 4.22.
Furthermore, each multiplexer and data logger enclosure was equipped with 5 to 6
dehumidification packets (Desi Pak by SUD-CHEMIE) to absorb any amount of moisture

contained within those sealed boxes.
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Figure 4.22 Data Acquisition Moisture Protection

The MD9 terminal is housed in a permanent field office that was erected by the bridge
entrance. The field office shown in Figure 4.23 is equipped with 120 AC power supply
and a phone line, thus provides remote communication with the data acquisition system
via phone. The field office consists of two rooms 3.05x3.05 m? (10x13 ft*) where one is
dedicated as a storage facility and the second houses the electronics equipments. The
communication cables that connects the data acquisition network runs in a PVC conduit
along the bridge parapet wall and was drawn to the filed office under ground. All

instruments in the system had a common ground at the proximity of the field office.

4.3.4 Power Supply

All equipments, sensors, and data acquisition systems are powered through 12V DC
marine batteries that are continuously charged through photovoltaic solar panels. Each
solar panel is mounted to a fifteen feet long stainless steel mast fixed to the bridge
parapet wall at the location of the data loggers as illustrated in Figure 4.24. The marine
batteries are housed in separate weather-proof enclosures in order to be isolated from the

data loggers in an effort to secure the latter from any possible leakage of acid vapors. The
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MD9 terminal runs through 120 AC power from the field office, and is internally
converted into 12V DC.
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Figure 4.24 Mounting of Solar Panels at Location of Dataloggers
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4.3.5 Cables routs

Extensive planning was dedicated not only to selection of sensors and their corresponding
locations on the bridge but also to the cable routs and their paths from the gage locations
to the data acquisition system. Cable routs were planned in a fashion that would not affect
the structural integrity of any of the bridges’ component. For this purpose a three
dimensional CAD simulation of the bridge was performed and consisted of detailed
elements of the bridge as well as the instrumentation system including sensors, cables,
and data acquisition enclosures. The CAD model gave a realistic insight of the shortest
paths for cables and the optimum location of data acquisition units along the bridge.
Figure 4.25 shows examples of the three dimensional CAD model of the bridge. All
plans, sensor locations, fixtures, mounting procedures and cable routs were discussed and
approved by WVDOT personnel prior to any installation. Cables coming from the
embedment deck sensors ran through the non-structural corrugation of the SIP forms as
shown in Figure 4.26 till a location close to the steel girders where they were dropped
through a 3.8 cm (1.5 in) diameter opening in the forms. A rubber ring was fastened to
the opening rims in the SIP form which protected the cable from tear. Once the cables
were passed through, all openings were sealed with foam. Cables reaching the

multiplexers were secured to the bracing steel members using plastic wire ties.
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Figure 4.26 Cable Paths in Concrete Deck
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4.3.6 Challenges during Sensors Mounting

During the installation process many challenges were faced and had to be overcome in
order to achieve this task. The installation of the instrumentation system on the steel
superstructure took place during the months of November and December of 2004, where
temperature drop to as low as -10°C (15°F). The harsh weather conditions during
installation had to be overcome since the construction schedule was very tight. Another
challenge was the time duration to install all sensors. The construction was under a
tremendous amount of pressure from several agencies in order to complete the
construction work according to a rescheduling plan since many delays hindered the
original construction schedule. For this reason, most of the instrumentation system had to
be placed and functional during only 2 months. There was a substantial amount of
accessibility limitation were location of sensors were not easily reached due to the large
dimensions of the steel girders and the vast spans. Reaching locations on top of the
ground was achieved by use of a man-lift as shown in Figure 4.27. Other locations
especially at mid-spans were only reached by walking down the top or bottom flanges of
the girders. Figure 4.28 shows the installation of sensors on mid-span No. 2. After
installation of sensors, it was discovered that the steel structure was acting as a huge
antenna that collected signals from three radio towers that belonged to a local radio
station (WAJR). The collected radio waves increased the electrical noise/signal ratio to
the amount where the sensor signals could not be identified. This problem was solved
once the concrete deck was placed and radio waves were blocked from reaching the steel
structure. Figure 4.29 illustrates all the instrumentation system including sensors and the

data acquisition system mounted over the entire bridge length.
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Figure 4.28 Mounting Strain gages on Steel Girders of Mid-span 2
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CHAPTER 5

FINITE ELEMENT MODELING

5.1 Introduction

The finite element method proved to be a powerful tool for solving complicated problems
that are tedious if attempted using analytical approaches. In this study, three dimensional
finite element (3DFE) modeling programs have been created in support of the
measurements obtained form the instrumentation system installed on Star City Bridge.
Once the models are verified those can also serve to conduct structural stress analysis
studies that might be cost prohibitive if performed on a real large structure. The 3DFE
study includes two models that simulate the second stage of construction as well as the
entire bridge after completion. The models are performed using ADINA software (Bathe,
2004) as mesh generator and program solver while detailed geometry was generated in
AutoCAD (Autodesk, 2004) and imported into ADINA. The first model consists of 4
steel girders with their full length along with the bracing system and the concrete deck.
The second model consists of the entire bridge including the 8 steel girders topped with

the concrete deck, and braced with diaphragms members.

5.2 Models Geometry

In order to provide an accurate simulation of the bridge response, the models were
meticulously detailed with all geometrical properties and dimensions as indicated in
construction drawing sheets including all structural members, various plate thicknesses,
and vertical as well as horizontal girder stiffeners. Figure 5.1 to Figure 5.5 show details
of one girders’ geometry that is generated in AutoCAD and is employed for modeling
both, phase 2 as well as the entire bridge superstructure. The dimensions indicated on the
top and bottom of the girder refer to distances in meters and their corresponding

conversions in feet between brackets. The dimensions of the top and bottom flanges are
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indicated in inches between brackets underneath the distance. The first number refers to
the flange width, while the second number indicates the thickness. The web consists of

steel plates with 1.43 cm (% 6) inches thickness and height varying from 1.98 to 3.96 m

(78 to 156 in). The height at Spans 1, 3 and 4 is 1.98 m while measures 3.05 m (120”) at
span 2. The web height at both Pier 1 and Pier 2 is 3.96 m (156”) and a haunch allows the
transition from the smaller dimensions. The haunch follows parabolic relations as

indicated is Equations 1 and 2;
web depth = 78+ 7.32378x107° (1032 — x, )’ Equation 5.1

web depth =120 +1.23983x107° (1704 - x, )’ Equation 5.2

where x; and X, are distances along girder length from the location of the pier.
Equation 1 refers to the haunch at Span 1 and 3, while Equation 2 refers to the haunch at

span 2.
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Figure 5.1 A- Steel Girder Details from Abutment 1 to Pier 1
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Figure 5.2 Steel Girder Details from Pier 1 to Mid-span 2
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Figure 5.3 Steel Girder Details from Mid-span 2 to Pier 2
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Figure 5.4 Steel Girder Details from Pier 2 to Pier 3



Figure 5.5 Steel Girder Details from Pier 3 to Abutment 2
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Figure 5.6 Steel Superstructure of Full Bridge Model

Figure 5.6 shows the assembly of the full bridge model including 8 steel girders as well as

bracing members while the concrete deck is being removed.

5.3 Elements properties

5.3.1 Shell Elements

All steel girders as well as the concrete deck are modeled using 4 nodes iso-parametric shell
elements. Appropriate thicknesses were assigned for the elements according to their locations
in the model. The shell elements are formulated as three dimensional continuums following the
assumptions used by Timoshenko for beam theory (the structure is the beam) and

Reissner/Mindlin for the plate theory (the structure is the plate) (Bathe et al., 1983) .

4 nodded elements are selected for their outmost effectiveness in analysis of general thin and
thick shells (Dvorkin and Bathe, 1984, Bathe and Dvorkin, 1985, and 1986) > * . The 4 nodded
shell element shown in Figure 5.7 is generated in ADINA and is used for its high predictive
capability and its preventive ability to overcome the locking problem. Locking is known in the

literature as the phenomenon that makes the element too stiff in a sense that the interpolation
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functions used for that element are not able to represent zero shearing strains when they are

physically negligible.

Six degrees of freedom, namely 3 displacements and 3 rotations referring to the global Cartesian
coordinates, were assigned to the shell elements for the following reasons:

e In most cases the shell elements intersect in angles.

e The shell elements are couples with isoparametric beam elements used for modeling

diaphragm members.

Figure 5.7 Four-Node Shell Element for Thin and Thick Shells

5.3.2 Beam Elements

All diaphragm members are modeled using 2 nodes Hermitian beam elements with constant
cross sections and 6 degrees of freedom at each node. Figure 5.8 illustrates the geometry

definition and degrees of freedom of beam elements.

Figure 5.8 Geometry Definition of Beam Elements
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The beam elements are formulated based on the Bernoulli-Euler beam theory and corrected for
shear deformation effects thus they are suitable for capturing development of straining actions
including bending moments as well as axial and shearing forces. The beam behavior is
described using a cross-sectional shape and a material model. Linear beam elements were
assigned to the diaphragm members assuming that displacements, rotations, and strains are
infinitesimally small, and elastic-isotropic material is used. The element local coordinate system
(1,s,t) is defined by the elements’ end nodes (local nodes 1 and 2) and an auxiliary node K. The
node K is positioned appropriately with respect to the actual orientation of the principal planes

of inertia of the element.

5.4 Material modeling

Linear Elastic-Isotropic material model was assigned for both the concrete deck as well as the
steel superstructure. Two material constants are used to define the constitutive relation, namely
Young’s modulus (E) and Poisson’s ratio (v). Elastic material model is selected for the bridge
structure based on the maximum stresses identified from the calculation sheets that appeared to
be within elastic ranges for the considered cases of loading. The concrete material constants
were identified from material testing, while those for the steel elements were adopted from the

bridge’s specifications sheets. Table 5.1 lists the values of material constants assigned for the

bridge model.
Table 5.1 Material Constants
Material Constant Concrete Material Steel Material
Modulus of Elasticity (E) 3.51e4 Mpa (5.1e6 PSI) 200 Gpa (29¢6 PSI)
Poisson’s Ratio (V) 0.23 0.32

The formulations employed for the linear elastic material constitutive model can be found in

(Bathe, 1996) .
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5.5 Boundary Conditions

The boundary conditions and degrees of freedom at the supports are set to simulate the bridge
specifications. Figure 5.9 shows the various types of the guided as well as the non-guided
expansion bearings used for supporting the steel superstructure at the locations of Abutments 1
and 2 and Piers 1 and 3. Figure 5.10 shows the fixed bearings used at the location of Pier 2.
Figure 5.11 illustrates the full FE model of the entire bridge with the boundary conditions
assigned to the supports. The nodal points at the location of supports were assigned degrees of
freedoms corresponding to either A, B, or C that simulate the bearing behavior. Category A
allows displacements in x and y directions only. Category B allows displacements in x
direction, while C provides total fixation. All categories (A, B, and C) allow free rotations in all

directions.

The concrete deck and top flanges of the steel girders are tied at the shell elements nodes to
simulate a perfect bond between those two. This procedure is selected based of analysis of the
composite action between the concrete deck and steel girders that showed a good deck/steel

composite action after 10 days of concrete pour as will be demonstrated in section 6.2.
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5.6 Meshing

Generating a FE Mesh of both phase 2 and the full bridge geometries start by defining three
main element groups which contain elements that share common attributes. The first group
contained shell elements used for meshing the steel girders, and the second group contained
shell elements for meshing the concrete deck, while the third contained beam elements for
meshing the diaphragm members. In each element group, the elements share common material
kinematics formulations, numerical integration order, interpolation formulation and result

output. Table 5.2 lists the number of nodes and elements for both models.

Table 5.2 Models Information

Model Information Phase II Model Full Bridge Model
Total number of nodes 105656 49025
Number of Shell elements in steel girders 96080 32501
Number of Shell elements in conc. deck 0 11827
Number of Beam elements in diaphragms 3274 5264

5.6.1 Meshing of Shell Elements

The meshing algorithm is based upon the concept of subdivisions on the lines and edges in the
model. For the full bridge model, a mesh density is assigned to the 3D surfaces forming both the
steel girders as well as the concrete deck so that the maximum edge length (element size) along
the lines of the geometry will not exceed 30 inches. This selection was based on memory and
computational capacity of the used computer, while at this stage the full model was primarily
used for modal analysis. The subdivisions along the edge length in this case are equally spaced
and element nodes on interconnected surfaces coincide. The maximum element length on Phase
2 model is 25.4 cm (10 inches). Gaussian numerical integration is assigned with the order of 2x2

integration for the evaluation of the elements matrices. 2-point Gauss integration is used

through the shell thickness.
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5.6.2 Meshing of Beam Elements

3D Beam elements are assigned to the diaphragm members with a mesh density of 4 elements
per member with a length ratio of one. The largest element length is located at the top chord
member and measures 81.3 cm (32 inches). The element lengths at the diagonal and lower chord

members range between 40.6 to 71.1 cm (16 to 28 inches).

5.7 Loading

At stages of construction, the main loading configuration is defined by the own weight of the
bridge elements, thus static response of the bridge structure is of main interest. Similar loading
patterns were applied to the bridge FE models to simulate the sequence of construction. Phase 2
model is subjected to the own weight of the steel girders. This reflects the deflection profile of
the girders resulting from gravity load. For this purpose the FE model is invoked to calculate the
mass properties of the elements. The loading in this case is mass proportional which is defined
by the gravity acceleration amounting 9.807 m/sec” (32.2 ft/sec’). Once the own weight of the
steel girder is set, the model is subjected to the own weight of the concrete deck following the
sequence of concrete pour in the field. Figure 5.12 shows the loading configuration that

simulates the concrete deck weight as applied on the FE model.

The distributed weight of the concrete deck (W) is calculated based on the unit weight of
concrete material (w.) amounting (145 1b/ft’). W measures 33.78 KPa (4.9 Ib/in’) at locations
along the steel beam having a top flange width of 16 inches, and 18.06 KPa (2.62 1b/in”) where
the top flange width is 30 in.
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Figure 5.12 Loading of Concrete Deck Weight on FEM

5.8 Model Validation

The Star City Bridge notes a remarkable advantage in terms of modeling, which is expressed in
the absence of residual stresses at this stage, since the bridge is just being under construction.
Therefore a validated model would record the signature of the structure at the first stage of
operation, which could be altered during the service life of the bridge. The model response is
validated through two different methods. The first method involves a comparison of the 3DFE
model response to its dead load with that theoretically calculated from the design sheets and
specification drawings. This is carried out by comparing the maximum and minimum
displacements in both the theoretical calculations and those resulting from the FE model due to
the weight of the concrete deck after the sequence of concrete pours. The second method of
validation consists of comparing the strain measurements recorded from the instrumentation
system with those produced by the FE model due to matching loading sequences. The following

section documents the validation of the FE models following the aforementioned methods.
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5.8.1 Validation through Theoretically Calculated Displacements

Figure 5.13 illustrates both the original and deformed mesh after subjecting the model to the
concrete weight following the sequence of pours. The maximum downward deflection from the
FE model is found to be (-11.42 in) at Span No.2, while the maximum upward deflection
measured (+2.735 in) at Span No. 3.
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Abutment 2

Figure 5.13 Deformation of Steel Girders due to Placement of Concrete Deck

The maximum and minimum displacements of the steel girders due to the placement of the
concrete deck were theoretically calculated and identified from the specification drawing sheets
of the bridge. Table 5.3 shows a comparison with the theoretically calculated displacement
values and those produced from the FE model of Phase 2. A very close match could be drawn
from the comparison of the displacement values, indicating that the model response agrees with

theoretically calculated predictions considering gravity loads.
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Table 5.3 Comparison of FEM and Theoretical Girder Displacements

Displacement FEM Theoretical Design
(in) Calculations
Maximum (upward) 2.739 2.16
Minimum (downward) -11.49 -10.24

5.8.2 Validation through Strain Measurements

Strain measurements recorded through the instrumentation system placed on the Star City
Bridge are used to validate the response of the 3DFE models developed in this study. The dead
load of the concrete deck is used as the loading configuration as stresses resulting from gravity
loading represent substantial stress levels that are permanently locked into the structure. The
dead weight of the concrete material is found to be very suitable loading configuration for
verifying the FE models for another reason. The effect of the dead weight occurs
instantaneously at the time of concrete placement, thus no other parameters alter the strain
response of the structure. Directly recorded data in this case can be easily used with little or no
doubts of long term effects such as temperature and moisture variations, creep, and stress relief

due to relaxation...etc.

Figure 5.14 to Figure 5.16 illustrate a comparison between measured strains on the steel girders
and those produced by the FE model. The measured strains are presented in a time history
format as the instrumentation system allows data collection continuously and provides records
of the data from all sensors simultaneously every 20 minutes. The FE results are interpreted as a
step value since dead load application is instantaneous and time factor is not a dimension in the

FE model.
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Figure 5.16 Comparison of Strains in Steel Girders at Span 4 (Pour No. 1)

The comparison of strain measurements and those produced by the FE models show a fairly
good match. The location of strain measurements along the steel girders were selected for the
purpose of comparison in a fashion that would produce maximum values for the respective
loading sequence. i.e. strains of Span 1 are compared corresponding to Pour 1, strains of Span 2
are compared corresponding to Pour 2, ...etc. The variation of strain measurements (that can be
noticed from the time history) is related to the response of steel girders to temperature variations
along the day. However when comparing the strain values induced due to dead weight
application, a very close agreement between those measured and those produced from the FE

models can be observed.

5.9 Evaluation of Mesh Quality

After the FE mesh is generated and the solution is obtained, it is important to evaluate the mesh
size in terms of whether the used one has been fine enough. Two measures can be used to give
an indication of the mesh quality. The first can be achieved by plotting bands of quantities that

are the derivatives of the primary element variables. As an example, a band plot of pressures or
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effective stresses can be used. Considering that the stresses are continuous in the exact solution,
the pressure band will be reasonably continuous if the used mesh is fine enough (Sussman and
Bathe, 1986) . Breaks in pressure bands indicate severity of the stress discontinuities and
implies mesh refinement. This method is more useful when there are limited discontinuities in
the geometry and material properties which makes the exact solution continuous. The second
measures for mesh evaluation is based on jumps in results between adjacent elements at adjoin
nodes. The mesh would be considered coarse if the maximum difference between results across

the same node is too large.

Trials of three mesh sizes were attempted in the Star City Bridge model. The Full model was
limited by the computational capacity due to the large size of the model, thus shell elements
were assigned a maximum size of 30 inches. As stated before, the intent of this model was at
this stage is for modal analysis. Phase 2 model was assigned a mesh size of 20 inches and a
second mesh was generated to have a maximum size of 10 inches. The results of those two trials
were compared to identify the impact of reducing the mesh size on the solution or whether an

improvement could be obtained.

The displacements resulting from both models were compared. Maximum and minimum
vertical displacement of the first model are 2.735 and -11.42 inches respectively. Those for the
second model with finer mesh amounted 2.739 and -11.49 inches respectively. The
displacement values indicate that the response of the entire model and displacement magnitudes

did not vary by reducing the mesh size.

Analysis of strain differences across the nodes was conducted for both models. The coarser
model indicated a difference range of 22 to 90 ue, while the refined model indicated a
difference range of 25 to 50 we. Larger strain differences were also identified in limited
connections on both models. As a conclusion, an improvement in the strain values could be

reached by using the results of the refined mesh.
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CHAPTER 6

MONITORING AND ANALYSIS OF CONCRETE DECK
CRACKS

6.1 Introduction

Analysis is conducted on the data records for the purpose of identifying the behavior of
critical bridge members and showcasing trends that could explain causes of certain
phenomena such as early age cracks in the concrete deck and their effects on the overall
bridge structural integrity. Analysis of strain records also aim at comparing
measurements of girder strains resulting from placing the concrete deck with those
predicted in theoretical numerical methods. This study is also directed towards
identifying the effectiveness of design procedures such as thermal stresses in statically
indeterminate bridges with complicated geometries. The instrumentation system and
collected data is used to identify new crack detection techniques in the concrete deck
system. Such techniques are needed for bridge health monitoring purposes especially
when stay in place (SIP) forms are used in deck construction and visual inspection can
not be carried out without removal of those forms. Strain measurements are also used to
establish a fundamental study to place in evidence certain doubtful structural behavior of

bridge elements such as steel/concrete composite action in long-term deck performance.

6.2 Analysis of Steel/Concrete Composite Action

The composite action between steel and concrete refers to the interaction between those
two diverse materials combined in a structural system. The first record of this composite
action was sited through publication of test results measuring the strength of filler joist
floors (Scott, 1925) . This research program was initiated by the structural steel firm of
Redpath Brown Company in 1918 aiming at providing data to design filler joist floors.
This experimental investigation wasn’t completed until 1923 where analysis of the data

showed the increased strength that accompanies the composite action. Composite systems
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attract the attention of designers especially in large structures such as bridge decks. The
commonly used composite system in bridge decks consists of solid web steel beams
supporting a concrete slab. In those systems, the composite action is attempted by means
of suitable shear connectors that introduce a bonding mechanism between structural steel
members and the concrete slab. This structural configuration follows the early design
proposed by (Caughey and Scott, 1929) that was a further development of the previous
study by Scott in 1925. In this investigation, the authors introduced the design of a
concrete floor resting on the top flange of a steel beam and pointed out the need of a
simple mechanical device that would insure the connection between the beam and the
slab. Nowadays, the most commonly used shear connector in conventional bridge decks

consist of shear studs.

The advantages achieved by establishing a good steel/concrete composite action can be
summarized as follows:
e A reduced steel cross section to sustain a particular load.
e Increased section capacity to support an ultimate static load.
e A reduced construction depth that will result in embankment savings and
reduction in total project costs.
e A reduction in total weight, resulting in a reduction in supporting elements

sections including seats, columns, pedestals, etc.

A large amount of theoretical, experimental and constructional work was carried out on
composite sections over the last 5 decades. In real life implementations, the complexity in
the analysis comes mainly from the concrete material properties that are time-dependent.
For example, the strain developed in a concrete section at any instant is composed of a
mixture of elastic and plastic components that are affected not only by the loading
configuration, but also by the environmental conditions. In this study, the steel/concrete
composite action is addressed in a different method based on analysis of long-term
recorded measurements in an operating bridge deck under service. The study aims at
showing the soundness of the design principles and drawing attention to certain details

considering environmental loading effects.

102



In this section, the steel/concrete composite action is analyzed starting from early stages
of construction. Time histories of strains recorded in both steel girders and concrete deck
are compared to theoretical predictions of strain distributions assuming full composite
action behavior. In this case the composite action principle is quantified by a match up
between theoretical calculations and field measured variables. Actual concrete and steel
material properties that were identified earlier through laboratory testing are applied in
theoretical calculations, thus only the factual assumption of the composite action concept
is likely to determine the outcome of the comparison. The theoretical calculations follow

the elastic analysis of composite sections suggested by (Knowles, 1973) .

Calculations of the concrete area that constitute one of two components of the composite
section require identifying the concrete slab effective width (be). The effective slab width

is dependant on the following factors:

e Beam structural system being continuous or simply supported.

e Loading configuration being distributed or concentrated.

e The ratio of flange thickness to beam depth.

e Ratio of beam length along points of zero moment to distance between beam

webs.

For uniformly distributed loads, 2b, =§ where L is the distance between points of zero

moments along the beam length. In any case, the effective width should not exceed the

girders spacing, thus in this case b, is taken 144/2 in

Figure 6.1 shows the theoretical strain distribution along a full composite section.
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Figure 6.1 Bending Strain Distribution of Full Composite Section
The total composite area is given by:
A
A4 =4 +— Equation 6.1
m
where: A = Total Composite Area
A, = Actual area of steel girder
A, = Concrete area considering the effective slab width 25, x d
m = modular ratlo[E* J, Es and Ec are modulus of Elasticity

of steel and concrete respectively.

The distance between the composite neutral axis and the slab neutral axis is given by (d.)

d.= d,(j“ ] Equation 6.2

t

where: d; = distance between steel and concrete neutral axes.
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The second moment of area of composite section (It) is calculated by:

2

I Ad
I =1 +5+"%+A4d’ Equation 6.3
where: d = distance between composite and steel neutral axes.
I = moment of Inertia of steel section
I, = moment of Inertia of concrete section

Considering that the concrete slab sectional bending moment is relatively small and could
be neglected (Knowles, 1973 sec. 2.6.2), the bending moment (M) acting on the section is

back-calculated from the strains recorded on the steel girders from:

exl xE
=—" Equation 6.4
y
where: y = distance bet. composite neutral axis and bottom strain gage
£ = bending component of strains at bottom strain gage

The strains in the concrete section at the locations of the top and bottom embedment

strain gages are calculated from:

M
= X Equation 6.5
= E ml, Y q
M
=———X Equation 6.6
bot Ec m]t yb q
where; Vi, Vb = distance between composite neutral axis and locations of

top and bottom concrete embedment strain gages.
Analysis of concrete/steel composite action is performed since pouring the concrete deck,
therefore no life load is acting on the bridge. However, ambient temperature variation
during the day exerts substantial amount of loading on the superstructure that is enough

to produce noticeable bending and strain magnitudes.
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Figure 6.2 and Figure 6.3 illustrate a comparison of theoretically calculated strains and
their corresponding measured ones along girder No. 6 and No. 7 at early stages of
concrete pouring in Span No. 4. Strain data are compared in arrays of 24 hour periods in
order to capture maximum temperature variations throughout the day. The strain
magnitudes are normalized at the start of each array in order to minimize the effects of
other variables that provide long term strain components such as curing shrinkage, initial
setting strains, variation in moisture content, creep, etc... Comparing the theoretical and
measured strain time histories indicate that a large discrepancy occurs at early ages. The
results tend to get a better match after a period of 10 to 11 days from concrete pouring as
illustrated in Figure 6.3. This conclusion is supported by the fact that concrete material
will take a time period of about 7 days to gain initial strength. Thus, with normal curing
procedures, the time duration to achieve composite action will be 10 days in this

particular bridge section.

This analysis highlights the importance of the timing factor in phased concreting. As
concrete slabs and bridge decks are commonly placed in bays rather than in a single large
pours, phased pouring can be used to achieve composite action in critical location by
carefully choosing the sequence of pouring. This strategy will only be effective in the
condition of taking the time factor into consideration. In order to further illustrate this
remark, the ratio between measured strains and theoretical predictions were calculated

and plotted in a time history format as illustrated in Figure 6.4.
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Figure 6.2 Comparison of Concrete Strain Magnitudes at Day 5

This time history shows that a ratio of one between theoretical calculations of concrete
strains and those measured are obtained after day 10 and remain within this range till 90
days after placing concrete. The Steel/concrete composite action is evaluated from this

comparison to an average of 85 % during the period between 10 days and 90 days after

pouring.
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Figure 6.4 Ratio of Theoretical Concrete Strains to Measured Data

6.3 Instrumentation Based Crack Detection and Monitoring
Techniques

The literature indicates that numerous reinforced concrete bridge decks develop early age
transverse cracks, even before they are subjected to any traffic loads (French et al., 1999,
Cusson and Repette, 2000) . Field investigations indicate that delamination and cracking
of the latex modified concrete (LMC) mix and microsilica concrete (MSC) mix overlays
have been observed nationwide. Field inspections cited that the LMC and MSC mixes
currently used for overlays have a potential to develop 100 % surface cracking (Babaei
and Hawkins, 1990) . In an attempt to reduce the formation of such cracks, a number of
states increased deck thicknesses, specified a minimum cover of 2.5-inches above the top
mat reinforcement, and used high performance concrete mixes that produced higher
strength. Such solutions did not reduce the intensity of the problem. The exact causes of
early age cracking of reinforced concrete bridge decks are still not fully understood,
however previous investigations debated that the occurrence of such cracks and

delaminations where due to plastic shrinkage and driven from the response to temperature
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and moisture changes. Others argued that cracks were a result of construction conditions
or quality, type and frequency of traffic. Although the reasons for cracking could be
subject to debate, their detrimental effects are well known. Cracks ease the ingress of
moisture, oxygen and chloride ions into the depth of reinforcing steel, which in turn

increases the corrosion rate and causes a reduction in service life.

Current WVDOH design practice for reinforced concrete bridge decks in new
construction is to use the AASHTO LRFD empirical deck design where a 6 'z inch deck
with a 2 inch LMC overlay system consist the deck slab. The LMC layer in this case is
expected to contribute to the structural capacity of the deck slab, therefore its composite
integration with the deck system is crucial. This integration of the substrate reinforced
concrete layer and the overlay will only be adequate if cracks in the concrete deck are
eliminated. The first step towards understanding the cracking phenomenon of bridge
decks is to identify useful techniques for monitoring the initiation and development of
such cracks. Once achieved, it will be possible to analyze the factors that contribute to the

cracking problem.

An instrumentation based method for monitoring the initiation and growth of cracks in
concrete bridge decks has been developed and was successfully deployed to identify and
monitor early age cracks in Star City Bridge. The approach is based on monitoring
histories of strains in both steel reinforcement and the surrounding concrete at one
particular location. As this section is subjected to diurnal environmental changes, the
concrete and steel components would exhibit changes in strain values accordingly as
shown in Figure 6.5. If the section under investigation is intact, both steel reinforcements
and the surrounding concrete medium would show the same strain changes as illustrated
in Figure 6.6. Comparison of strain responses in concrete and rebars would indicate the
formation of cracks and monitoring this relation can indicate crack growth. Figure 6.7
shows application of this technique to identify crack formation is Span 1 where cracks
initiated after approximately 125 days from concrete placement. The effectiveness of
such a technique for crack detection is realized especially that removal of stay in place

forms (if used) is not required.
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Since the response to temperature variation is our focus, data were reduced in a detailed
process in order to isolate the effect of long term variables that add strain components in
the concrete material such as shrinkage and creep. Strain profile histories collected from
the embedment strain gages and sister bars (cumulative total strains) are reduced to
segments of 24 hours in span where a full cycle of daily temperature variation occurs.
Each segment has a reference datum that corresponds to the strain values at the start of
the segment. The effect of shrinkage, creep and differential moisture content through the
slab thickness opposed to their effect on steel rebars are minimal compared to the effect
of temperature variation in small time intervals such as 24 hours and can be neglected in
the analysis. Reduction of data into segments also offers a good solution to overcome the
uncertainty in total strain values that could be a result of inevitable disturbance of the
sensors while placing concrete. The output of this procedure is a normalized strain time
history that as a result of a change in deck temperature, from which maximum strain
values in concrete and steel rebars can be extracted and compared as illustrated in Figure
6.7. A zero difference in maximum strain magnitudes indicates an intact reinforced

concrete section, while a deviation in this trend will indicate initiation of cracks.

M el
g TR, i
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g I
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: 300 ——Crack initiation Pl %ﬂ’u ﬁ
L

Figure 6.7 Crack Initiation and Growth on Span No. 1 over Girder 6
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Another technique for crack detection is established based on calculating the correlation
coefficient between the concrete and reinforcing steel strain time histories. This technique
is used to compute a quantitative value that indicates how good the two strain histories
match. Assuming that strains in concrete and rebars are independent random variables X

and Y respectively, their correlation coefficient is defined by:

Pyy = Corx.Y) Equation 6.7
, O-X O-Y

Where: PXY = Correlation Coefficient

COV(X)Y) = Covariance of X and Y

ox = Standard deviation of X

oy = Standard deviation of Y

COV(X,Y)=E[(X —u )Y -, )] Equation 6.8

where E = mathematical expectation

Hx = Ex

uy = Ey

The correlation coefficient is a number with outmost values of 1 on the positive sign or -1

on the negative sign.

-1<p,, <1 Equation 6.9

The extreme values of px y are achieved when X and Y are linearly related (Leon-Garcia,
1994) . The two strain values are said to be uncorrelated if pxy = 0. This would indicated
existence of a crack in this particular section. If pxy = 1, the two strain signals are related

linearly and the concrete section is intact.
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The correlation coefficient is calculated for segments of strain time histories in concrete
and steel rebars in 24 hours periods (72 discrete values for each segment). Each segment
is normalized in order to minimize long term induced effects in concrete material such as
shrinkage and creep. For each segment a correlation coefficient is calculated and
analyzed versus time. Figure 6.8 illustrates an example of applying this technique at the

location of Pier No. 2.
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Figure 6.8 Correlation Coefficient bet. Concrete and Rebar Strains at Pier 2

The time history indicates fluctuation of the Correlation coefficient below the value of
one, showing existence of a concrete crack. Once the latex modified concrete layer is
placed on the deck the crack is sealed, showing a sustained value of one thereafter. This
technique is further validated by plotting the difference in strain magnitude of concrete
and reinforcing bars at the same location as shown in Figure 6.9. The time history shows
a very small difference in those strain magnitudes after 140 days as expected from
analyzing Figure 6.8. The location of the crack at Pier 2 is also justifiable since values of
maximum bending negative moments are found at the top fibers of concrete deck at this

location.
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6.4 Theoretical evaluation of slip strains

One question might be asked regarding the concept of comparing strain values in
concrete and steel reinforcement to detect cracks. Why is this difference not indicating a
slip strain in the deck system? There are two main sources of slips between steel and
concrete. The first component is slip between the steel reinforcement and surrounding
concrete, once stresses at a particular section are high. The second component is a slip
strain between the concrete deck and the steel girders. In order to maintain equilibrium in

the analysis of a composite section, the two slip components have to be accounted for.

Evaluation of slip strain between steel and concrete is conducted based on theoretical
analysis by (Nie et al., 2004). In their study, the authors derived a close form solution to
evaluate shear slip strain between steel and concrete for a simply supported beam

subjected to a concentrated load at the mid-span. The same solution is adopted in this
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study and modified to suit a general case where a continuous beam with variable inertia is
subjected to thermal loads. The analysis for this case is based on treating continuous

beams as segments of simply supported beams tied at the location of zero strains.
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Figure 6.10 Free Body Force Diagram of a Deck Segment (Nie et al., 2004).
The shear-slip stiffness of stud connectors (k) is evaluated by (Nie and Cai, 2003):

k, =0.66 N Equation 6.10

S max

where N, number of shear studs per row,

Prax = design shear resistance of studs

The (Eurocode 4. 1994) gives the shear resistance of studs as:

P, =kO08f (md/4)<k029d,f,E.,, Equation 6.11
where f, = ultimate tensile strength of stud

d diameter of stud
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fox = characteristic compressive strength of concrete cylinder

Em = Modulus of Elasticity of concrete material

ki = stud reduction factor affected by profile sheeting

g b, [ h
k, = LS TR PR Equation 6.12
\/Ns hP hl’

where b, = width of deck rib

h, = height of deck rib

hy = shear stud height after welding.

The bond-slip stiffness (k;) of dented reinforcement in the slab is given by (Nie et al.,
2004) to be:

ky, =52pd,N,\[f. Equation 6.13
Where d; = diameter of reinforcement bar (mm)
N; = number of reinforcement
p = distance between studs

The total horizontal shear slip between steel and concrete can be written as:

pv =Ks Equation 6.14
Where v = horizontal shear along beam and concrete slab interface per unit
length
p = distance between studs (pitch)
S = total slip (s;+s2)
k. k
K = stiffness ——=—

k, +k,
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Figure (6.10) shows a deformed segment in the bridge deck of infinitesimal length dx

where:

V. = vertical shear in concrete

Vs = vertical shear in steel section

C = compression force applied on steel section

T = tensile force applied on steel reinforcement

dMs = moment increment of steel section

r = vertical force per unit length at concrete/steel interface
ds; = incremental slip at slab/girder interface

ds, = incremental slip at reinforcement/concrete interface

The longitudinal equilibrium of the reinforcement in the segment shown in Figure (6.10)

gives:

— =V Equation 6.15

Moment equilibrium of the segment considering concrete section and steel girder

respectively gives:

V dx + %m’x2 = vy, dx Equation 6.16
dM , +V dx = vy dx + %m’x2 Equation 6.17
o . Ks
Substituting with the value of v =—,
p
Ks 1 ) .
dKs =—y_ xdx+ Erdx —V.dx Equation 6.18
p

Substituting with the value of %ra’x2 _&s y,dx—V dx
p
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s.dM :ﬁysdxﬁtﬁyrdx—Vcdx—Vsdx Equation 6.19
p p

This equation can be reduced as:

dM = Ks @(ys +), )— dx(VC + VS) Equation 6.20
p
dM K
s= 2y, 4y =V V) Equation 6.21
dx )%

Since curvature of the composite section (@) is expressed as:

=— Equation 6.22
®» El q
{KS(J’S +yr)_(V LV )}
M c S
d—(/): M, = P Equation 6.23
dx  dxEIl, El,

The longitudinal strain at the concrete/steel girder interface is expressed as:

£, = _Efl — @y, +&,, Equation 6.24,and ¢, = ¢y, —% Equation 6.25

)

where &, and & are strains at the concrete and steel interfaces respectively.

The relative total slip strain between steel reinforcement and steel girder (& )is evaluated

as:

E,=&,— &, +E, Equation 6.26

N

T C
by substitution: ¢_ = -+ , considering equilibrium, T=C
y s W FA EA w, g¢q
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=@, ——————+
T T TR
d d;
differentiating with respect to x, & - —
dx  dx

ds, dp dT 1 dT_ 1

——X———X—

r dx' de EA dx EA,

s

substituting with value of ? :
X

de. {Ks(ys +,)-.+7, )}

p Ks
dx EIS (yv yr ) pE
for simplicity, assume: Vo =Vs T,
1 1 1
_—— 4 —
A A A

By substitution:

do

dx

Placing the variables as: P=(V, +V,)
Ky 1
PE| I, A4,

_ Y

d EI
d’s )

So——=a s—fP
dx’ A
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Equation 6.27

Equation 6.28

Equation 6.29

Equation 30

Equation 6.31

Equation 6.32

Equation 6.33

Equation 6.34

Equation 6.35

Equation 6.36



This is a non-homogeneous second order linear differential equation, which can be solved

using the root method as follows:

The complete solution is: s(x)=s,(x)+s,(x), where sy(x) and sy(x) are the

complimentary and the particular solutions respectively.

The complimentary solution:

The characteristic equation is: r*+2ar+b=0
Where 2a=0
= . az

The roots of the characteristic equation are:
n,=-at\a’-b

By substitution, n,=ta’ =ta

Since o > b, the two roots are real and different, and the complimentary solution takes
the form: s=Ce +C,e™

ss, =Ce” +Ce™
Where C; and C, are constants, to be determined from the boundary conditions.

The particular solution:
Since the forcing function is a constant (BP), then the particular solution takes the form:

s, = B(constant)

By substitution in the original differential equation:
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0-a’B=-pP
. PP
B:?

The solution of the differential equation becomes:

P
s=Ce™ +Ce™ +’B—2
a

C1 and C2 are determined by applying boundary conditions:
s=0 when x=0,since moment at location of hinge (support) =0

s'=0 when x =L, where L is location of maximum strains (zero slope)

o P
By substitution, 0=C,+C, + p

2
(24

ax

s'=Cae™ —C,oe”

0=C,ae” —C,ae™™

o C, =Che™
Solving for Cy: C,e”™ +C, = —’B—f
a
c, ="
2 (1 e™)
pP pP

Solving for C;: C =-+
¢ 1 PR (e

Substituting with values of C1 and C2 in the relation of total slip:

PP

- )e‘“" +? Equation 6.37

S — —
2 (

“ot el ) T aliee
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Taking common factors:

e e e
a e
s :7—)0[2 161:-20& [(lJre_z’)’LX—eo"C +1)+ e” —e"”‘]

Multiplying both the nominator and denominator by e** :

s = 7—)0[2 efi I [(eZ“L +1X1 —e‘”‘)+ et —e"”‘*m]

5= " '?5 1 [(eZO‘L +1)e“’“(e”“ —ez"“)+ e’ (e™ —e""")]

2o (@2 — 1)]

S =ﬂ%)[(€2d +l)e_"“(e“" —ez"“)+e

P e ™ [(ezaL +1Xe”“ —ezm)Jr e’ (e*™ —1)]

S =
a’le’™ +1
P -
s=— faL e ax[ezaLeax_ezaLezax+eax_ezax+e2aLezax_ezaL]
a\le™ +1
P -
§ = - faL e ax[eZzzLeax+eax_eZ¢zx_eZaL]
aie +1i
Equation 6.38

oS :7—)0{2 e[ji ) [eM +1-e™ —eZ“Le_w‘]

In order to obtain the slip strain, take derivative of the slip relation with respect to x:

ds

&, =—

S odx

ﬂp ax 20l _—ox
SLE = —ae” +ae e
s aZ i82aL + 1 ’[ ]
ﬂP —oax | 2al 20 .
SLE = e “les™ —e Equation 6.39
Coale*™ +1 [ ] 4

Equation 6.39 evaluates the total slip strain in a composite section at any location along

the bridge length. For a particular bridge deck, the variables that need to be quantified to
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solve the equation are the length (L) which refers to the location of maximum strain
values along the bridge, and the shear stresses (P) at the location of the composite section
under investigation. In our case, the response of the deck is evaluated according to the
long-term slow response, thus the loading configuration is mainly related to temperature
variations. The theoretical derivation shows that the slip strain depends on the amount of
flexure the section is subjected to. Due to the arrangement of degrees of freedom in the
bridge seats, it is clear that uniform temperature change will subject the bridge to
expansion and contraction, while temperature gradient would provide curling and

bending stresses.

Quantifying (L) and (P) for the Star City Bridge is a tedious task if attempted using
traditional theoretical calculation due to complexity of the three dimensional degrees of
freedom, beams with variable inertia, and the case of loading which consists of
temperature induced stresses. Therefore, the finite element model described in Chapter 5
is used to collect quantitative values of (L) and (P). In order to calculate the maximum
slip strain, a thorough analysis of temperature loading on bridge decks was conducted as

indicated in the following section.

6.4.1 Identification of Thermal Loading Configurations on WV Bridge

decks

Bridges are structures that are exposed to the atmosphere, thus subjected to an exchange
of heat energy between their surfaces and the surrounding environment. Because of the
massive nature of bridges, stresses due to thermal actions (which occur in restrained
structural elements) directly impact their design procedures. Seasonal and diurnal
variations in the mean bridge temperature will result in the expansion or contraction of an
unrestrained bridge superstructure. In an attempt to permit unrestricted movement of the
bridge, directional guides are laid out in the superstructure bearings. However, the actual
thermal action experienced in bridges is far from being uniform. The climatic conditions
including shade air temperature, solar radiation, and wind velocity cause a non-linear

temperature profile within the structural elements.
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When designing for potential thermal effects, detailed thermal loading information is
required especially in nations with climatic diversities such as in the United States.
Moreover, bridge designers have to take into consideration extreme thermal loading
conditions that are likely to occur within the service life of the structure that may span
over 50 years in most cases. In order to verify the effect of thermal loading on West
Virginia bridge decks, thermal loading schemes representative of typical WV climate
shall be needed. AASHTO Standard Specifications for Highway Bridges provides only
general information about temperature range for Moderate and Cold Climate conditions

(AASHTO 2002):

Table 6.1 Temperature Ranges for Bridge Design According to AASHTO

Rise Fall
Moderate Climate 30°F 40°F
Cold Climate 35°F 45°F

No definitions are provided, and no references for differential temperatures or deck
gradients are indicated. Therefore temperature measurements from the instrumentation
system placed in the bridge superstructure along with data from the weather station are
used to identify the range of temperature variations and provide an array of temperature
profiles to be used in design of bridge superstructures. This analysis includes temperature
records for a period of two years. Table 6.2 summarizes the maximum positive
temperature gradient identified from the temperature records along the bridge
superstructure. The positive gradient indicates that the top fibers of the concrete deck
measure warmer temperatures relative to the bottom fibers in the steel girders. In
contrast, Table 6.3 summarizes the maximum negative temperature gradient in the bridge
superstructure. Negative gradients indicate warmer temperature in the bottom fibers of
the steel girders than top fibers of the concrete deck. The dates where maximum positive
and negative gradients are identified are 538 days and 364 days after placing the first
concrete pour respectively. The maximum average temperature gradient is calculated
from table 6.2 to be 12.03 deg. C, while the maximum average negative gradient is

calculated from table 6.3 to be -10.65 deg. C.
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Table 6.2 Maximum Positive Temperature Gradient in Bridge Superstructure

Location Top Temp. (deg. C) Bottom Temp. (deg. C) Gradient

mid-span 4 38.55 27.77 10.78
pier 3 38.39 27.51 10.88
mid-span 3 39.83 26.61 13.22
pier 2 34.75 23.56 11.19
mid-span 2 36.47 22.96 13.51
pier 1 35.64 23.5 12.14
mid-span 1 38.55 26.02 12.53

Table 6.3 Maximum Negative Temperature Gradient in Bridge Superstructure

Location Top Temp. (deg. C) Bottom Temp. (deg. C) Gradient

mid-span 4 -8.28 2.89 -11.16
pier 3 -7.8 3.57 -11.38
mid-span 3 -7.86 2.71 -10.58
pier 2 -7.43 2.46 -9.88
mid-span 2 -7.07 3.33 -10.41
pier 1 -7.34 3.44 -10.78
mid-span 1 -8.22 2.15 -10.37

6.4.2 Calculations of Maximum Slip Strains is Concrete Bridge Deck

The values of maximum positive and negative temperature gradients identified from
monitoring the Star City Bridge data records for 2 years were used to apply temperature
loading on the FEM presented within Chapter 5. Corresponding ambient temperature for
each case was extracted from data records of the weather station and input into the
program. Figure 6.11 and Figure 6.12 illustrate the superstructure deformation and

corresponding temperature gradients for each case.
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Gradient
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Figure 6.12 Superstructure Deformation Due to Maximum Negative Temperature

Gradient

Table 6.4 summarizes calculations of total slip strains for both maximum positive and

negative temperature gradients across the bridge superstructure.
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Positive Temp. Gradient

Table 6.4 Calculation of total slip strains at span No. 1

Negative Temp. Gradient

L 1377 (in) 1296 (in)
X (location of measurement) 518.4 (in) 518.4 (in)
k1 7.003 x 10° 7.003 x 10°
k2 8.131x 10° 8.131 x 10°
k 6.447 x 10° 6.447 x 10°
Yo 48.9 48.9
Ao 2.101 2.101
P 5034.1 (Ib) 5350.3 (Ib)
a 0.00608 0.00608
2.24e-11 2.24e-11
& 0.79 ue 0.84 ue

The slip strain resulting from maximum temperature gradients is amounts 0.79 and 0.84
micro-strain for positive and negative maximum temperature gradients respectively. It is
clear that the slip strain values are relatively small compared to the calculated difference
between strain in concrete and steel rebars. Therefore taking the total slip strain into
consideration while adopting the described method for crack detection will not alter the

outcome results.

6.5 Analysis of Cracks Initiation through Frequency Spectrum
Analysis of Bridge Superstructure

Studying the dynamic properties of the bridge superstructure reveals important
mechanisms that control the structure’s response to dynamic loading. In this section
dynamic properties of the bridge superstructure including natural frequencies and mode

shapes are investigated through analysis of the FE models.

A multi-degree of freedom (DOF) system of the order N requires (N) number of

coordinates and (N) number of simultaneous equations of motion to describe its dynamic
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properties. The N-DOF system has N natural frequencies, and for each of the natural
frequencies corresponds normal mode shapes that describe the displacement
configuration in the normal state of vibration. The mathematical terms of the natural
frequencies and mode shapes are known as eigenvalues and eigenvectors. These
quantities are established from solving the systems’ equations of motion. The equations

of motion describe the structure behavior in the state of free undamped vibrations.

The natural vibration modes depend only on the systems’ mass and stiffness and the way
they are distributed. When excited at one of those natural modes, all nodes in the system
undergo simple harmonic motion that passes through their equilibrium position
simultaneously. The magnitude of displacements is specified by the initial conditions the

system is given prior to the free vibration mode (Thomson and Dahleh, 1993) .

When a multi-DOF system is excited under a forced harmonic vibration and the
excitation frequency coincides with one of the natural frequencies, a condition of
resonance occurs. This state produces large displacement amplitudes that are theoretically
infinite; however they are practically controlled by the amount of damping in the system.
The solution of a Multi-DOF system is expressed in mathematical formulation as

following:

The equation of motion of the free vibration response of the system is expressed as:
[Mm (i} + [K J{x} = {0} Equation 6.40
Where [M] is the systems’ mass matrix
X is the displacement
[K]  isthe systems’ stiffness matrix
Setting the initial conditions as: {x(0)} = {x, }and {x(0)}= {x, }at time t = 0;

The solution of the second order differential equation (Eq. 6.40) is assumed to be:

{x}={p)(4, Sinor + 4,Cos wt) Equation 6.41
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Where {¢} = (nx1) vector of displacement amplitudes
Aj, and A, are Constants

@ = natural frequency

t = time

By substituting eq. 6.41 into eq. 6.40 and solving for the equation of motion, the solution

takes the form:
- o’ [M]g}+[K g}
- (o2 [m]+ K g}

since {¢}can not be zero, then the determinate in Eq. 6.43 has to be zero:

{0} Equation 6.42

{0 Equation 6.43

det(- 0’ [M]+[K])= {0} Equation 6.44

Eq. 6.44, is the characteristic equation of the system from which the natural frequencies

o is determined. By substituting the roots of eq. 6.44 (w.,®; ,0;, ... , ®.) into eq.
6.43, the mode shapes {¢}are calculated. The natural frequencies .’ are called

eigenvalues, while the corresponding mode shapes {¢}i are called eigenvectors. It is

noticed that the mode shapes are not unique, thus they do not provide a unique magnitude
of the displacement. However the mode shapes determine the shape of nodal
displacements relative to each other. In other words, the eigenvectors describe the relative
displacements of all system coordinates when the structure is excited at the corresponding

eigenvalue.

Figure 6.13 and Figure 6.14 illustrate the first 10 modes of vibrations of Phase 2 of Star
City Bridge steel superstructure. Information about the first 10 modes including natural
frequencies and modal participation factors are listed in Table 6.5. The modal
participation factor indicates the amount of structural mass interpreted in a %age format
that contributes to the displacement in the direction of any of the three Cartesian
coordinates. The first natural frequencies of the steel superstructure are calculated to be

within a range of 0.206 to 1.408 Hz. Analyzing the modes of vibrations and their
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corresponding modal participation factors reveal important information about the
structure response to environmental loading conditions such as wind loading and its
overall stability factors. The mode shapes as illustrated, indicate that the first 10 modes
mainly consist of displacements in the Y direction (bridge width) normal to the traffic
direction; except for mode shapes No. 6 and No. 7 that indicate torsional modes of

vibration.
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MODE MAG 57400

MODE MAG 29924,

MODE MAG 24212,

MODE HAG 62509,

MODE HAG 23215

Mode Shape No. 5

MODE MAG 40181-

Mode Shape No. 6

Figure 13 Mode Shapes No. 1 to No. 6 of Steel Superstructure of Phase II
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MODE MAG 37720.

MOOE MAG 71632,

MODE MAG 58620.

Mode Shape No. 9

MOOE MAG 27644,

Mode Shape No. 10

Figure 6.14 Mode Shapes No. 7 to No. 10 of Steel Superstructure of Phase 11
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MODE MAG 4567 1.

Figure 6.15 Mode Shape No. 14 of Steel Superstructure of Phase 11

Further analysis of the mode shapes show that the first mode shape to incorporate
vibration in the Z direction correspond to the 14™ natural frequency that amounts 2.081
Hz. Figure 6.15 shows the modal displacements of this particular mode. The rest of the

mode shapes are combinations of those modal displacements.

Table 6.5 FE Modal Analysis of Steel Superstructure of Phase 11

Mode Frequency Mass (X) Mass (Y) Mass (Z)
Hz % age % age % age
1 0.206 0.00002 32.14113 0.00075
2 0.437 0.00001 13.82602 0.00026
3 0.516 0.00001 4.58889 0.00006
4 0.601 0.00054 1.48408 0.00934
5 0.660 0.00002 9.01582 0.00024
6 0.799 0.75421 0.02172 15.81645
7 0.801 0.38676 0.07959 7.72798
8 1.002 0.00001 0.73276 0.00091
9 1.143 0.00011 7.34 0.00177
10 1.408 0.00019 1.38771 0.00084
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As indicated in Table 6.5, the modal participation factor also confirms this observation. It
is clear that a significant amount of mass contribute to the displacements in the Y
direction opposed to those in the X or Z directions. For example in the first mode, 32.1 %
of the mass contribute to the displacement in Y direction, and only 0.00002 % and
0.00075 % contribute to the displacements in X and Z directions respectively. The natural
frequencies of any structure depend only on the mass and stiffness of that structure. Since
the mass does not change in any of the mode shapes, it is concluded that the structural
stiffness of the steel superstructure in Phase II compels the displacement modes to
become easier in the direction of the bridge width (the week axis) opposed to any other
direction for the largest number of first frequencies. This conclusion can explain the need
to add upper chord members in the steel bracing system while construction was
underway. During construction of Phase I (half the bridge), It was noticed that the steel
girders once placed, lacked stability and warped in the direction of the bridge width in
winter time. This problem caused halting of all construction actions, and caused long
delays, where the bridge system was being evaluated. Upper chord members were added
to the steel diaphragm system, and the whole structure was braced to the old bridge (still
holding traffic at that time). This measure was taken in order to strengthen the stiffness of
the steel superstructure in the Y direction, thus securing the stability of the bridge at this
stage. Placing the concrete deck afterwards and completion of bridge construction added
a substantial amount of mass to the system and stiffness in the lateral direction, thus
changing the natural frequencies and mode shapes as illustrated in Figure 6.16, Figure

6.17 and Table 6.6.
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Figure 6.16 Mode Shape Corresponding to

Table 6.6 FE Modal Analysis of Full Bridge Superstructure

Superstructure

1* Natural Frequency of Full Bridge

Mode Frequency Mass (X) Mass (Y) Mass (7))
H: % age % age % age
1 0.730 1.59379 0.0036 15.02315
2 0.923 0.00374 4.61366 0.01067
3 1.634 2.73269 0.42901 2.55604
4 1.821 0.01789 20.73979 0.07018
5 2.024 0.25595 0.32023 16.20785
6 2.173 0.00011 5.25225 0.07903
7 2.286 0.02904 31.2977 0.74896
8 2.594 2.80401 0.38847 22.10587
9 2.974 0.00559 8.00496 0.12133
10 3.167 0.18832 0.07867 6.44959

The modal participation factor for the full bridge

frequency 15 % of the mass contribute to the nodal displacements in the Z direction,
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while 1.59 % and 0.0036 % contribute to the nodal displacements in the X and Y
directions respectively. This indicates that at the fundamental frequency, the mode of
vibration would shift from being in the lateral direction in the case of the steel
superstructure only, to being in the vertical direction in the case of the full bridge. The
subsequent mode shapes consist of torsional and combinations of torsion and
displacement modes. The stiffness of the bridge superstructure is mainly designed to
carry vertical loads, therefore there are no significant concerns about the first vertical
displacement mode. However, the torsional vibration modes tend to spread the girders

apart, which could explain formation of longitudinal cracks in the bridge deck.

Figure 6.17 Mode Shape Corresponding to 2" Natural Frequency of Full Bridge

Superstructure

6.6 Structural Health of the Bridge Superstructure after Deck

Cracks

6.6.1 Concrete Deck

The instrumentation embedded in the concrete deck shows different patterns of stresses
according to their various locations. Histories of long-term stresses in the concrete
material are calculated from the three dimensional strain histories, and in many cases
reveal occurrence of transverse cracks by reaching the concrete modulus of rupture.

Long-term stresses are temperature induced and occur due to the restraints from
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expansion and contraction in the bridge superstructure. Temperature induced Stresses in

concrete deck are calculated by:

o 1-v v 0 0 0 e, —a.t]
o, v 1l-v v 0 0 0 |é&,—a.t
o.. E v v 1-v 0 0 0 . —a.t . 645
= quat. 6.
| (I+v)fl-2v)] 0 0 0 1-2v 0 0 2
(O 0 0 0 0 1-2v 0 gzx
1Oy | | 0 0 0 0 0 1-2v| &, |
where: oy, Oy, 02, = normal stresses in the X, y, and z directions respectively
Oyz, Oy, Oxy = shear stresses
Exs Eyys Erz = normal strains in the x, y, and z directions respectively
Eyzs Erxs Exy = shear strains
E = Modulus of Elasticity of concrete
v = Poisson’s Ratio of Concrete material
a = Coefficient of thermal expansion of Concrete material
t = temperature variation

Trends of stress time histories in the concrete deck in most locations seem to have
reached a steady state to date. Stresses in the longitudinal (traffic direction) and
transverse directions are calculated and as stresses approach the concrete modulus of
rupture a crack is anticipated. Transverse cracks are visible from the top surface of the
concrete deck and appear to have a frequency of 3 to 4 ft. Transverse cracks tend to be
more frequent at the middle third of the bridge length. Figure 6.18 and Figure 6.19
illustrate a sample comparison between concrete stresses in span 4. The plots clearly
indicate that the stresses in the transverse direction are double those in the traffic

direction, hence a longitudinal crack is more likely anticipated.
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Figure 6.18 Stresses in Concrete Perp. to Traffic on Top of Mid-span 4, Girder 6

Stresses in the steel reinforcement are also calculated at critical locations of phase 2
(identified from the design calculation sheets). Stresses in the steel reinforcements appear
to be in normal range and do not reflect any alarming signs. In general, the stresses in the
top steel reinforcement in the transverse direction are higher compared to those in the

longitudinal direction at locations between supports as can be illustrated from Figure
6.20.
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Figure 6.20 Stresses in Steel Reinforcement at Mid-Span 4
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CHAPTER 7

CONCLUSIONS

7.1 Conclusions

This study focuses on monitoring the health of an empirically designed bridge deck
superstructure through detection and analysis of deck cracks using embedded sensory
systems. The study also identifies the contribution of temperature-induced stresses in
initiating premature cracking in bridge concrete decks. The work in this study includes
development of a remote sensory system for long term monitoring of bridge elements and
detailed 3DFE models of the bridge following actual sequences of construction. The
study includes development and implementation of an innovative methodology for crack
detection in reinforced concrete bridge decks, and theoretical evaluation of the total slip
strain at bridge deck components. Analysis of temperature data records, offers an insight
into thermal loading configurations on bridge decks including positive and negative
temperature gradients. Based on 2 years of continuous monitoring of the bridge deck
response, Analytical studies through finite element modeling and theoretical analysis, the

following conclusions can be withdrawn:

1. A remote sensory system for long term monitoring of bridge structures is
designed and successfully installed during the second phase of construction of the
Star City Bridge in Morgantown, WV. The system consist of an array of sensors
(more than 750 sensors) and data acquisition units that continuously record
measurements such as the tri-axial state of stress and strains in concrete deck,
strains and bending moments as well as shearing stresses and inclinations of the
steel girders, forces at the diaphragm members, expansion and contraction of
bridge ends, strains and stresses in rebars, along with temperature profiles along

the deck.
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2. The instrumentation system installed on the Star City Bridge proved to be

successful for securing data that can be helpful to remotely evaluate the long-term
bridge deck performance. Such a system can be used to provide more accurate,
more frequent and reliable data than the regular bridge visual inspection programs

adopted by state highway agencies.

Analysis of continuous temperature records revealed that bridge decks are
subjected to severe positive and negative temperature gradients along with global
temperature increase and decrease. AASHTO Standard Specifications for
Highway Bridges provides only general information about temperature range for
Moderate and Cold Climate conditions. Current bridge design specifications do
not give any guidelines for designing bridge decks to withstand temperature
gradients, therefore it is recommended to consider the following temperature
gradients in designing bridge superstructures. The Star City Bride experienced
maximum positive and negative temperature gradients amounting 12.04 deg. C
and -10.64 deg. C respectively. Average global temperature variation between
winter and summer amounted 40.73 deg. C while maximum daily temperature
variation in winter days measured 16.5 deg C, and that in summer day measured

14.05 deg. C.

The state of concrete/steel composite action is studied where measurements show
that a good composite action is established after 10 days of pouring concrete. The
study is based of comparing theoretically predicted temperature induced strains

and those measured at locations of maximum stresses along the bridge length.

An innovative method for crack detection in concrete bridge decks is illustrated.
The method is based on monitoring the effect of cracks on the difference in strains
between steel reinforcements and surrounding concrete material. The technique
features the following properties:

Instrumentation based utilizing embedded sensors.
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Provide continuous monitoring of initiation and growth of cracks in a time history
format.

Does not require removal of stay in place forms, therefore can be used to detect
hidden cracks.

Does not require placing sensors at the exact location of the crack since that
location is not identified prior to the crack initiation.

Isolate effects of long-term variables such as creep, and shrinkage.

Detailed 3DFE models are developed to describe the behavior of the bridge
during the sequence of construction and after completion. The full model consists
of 8 steel girders with variable inertia supporting deck slabs and connected by
diaphragm members. The models responses are validated through comparison

with strain measurements and with theoretically calculated deflections.

Theoretical analysis and 3DFE modeling results were successfully combined to
originate a method to estimate the total slip strain in steel/concrete composite

deck systems tied with regular traditional headed studs ¢ (%)”. The performed

analysis used maximum positive and negative temperature gradients across the

deck and showed that total slip strain was less than one microstrain in both cases.

An investigation of the reasons for development of longitudinal cracks in this
empirically designed bridge deck is conducted through frequency spectrum
analysis of bridge superstructure. The Finite element models were used for this
study, where it was demonstrated that lateral stiffness of bridge superstructure
was responsible for a mode of lateral warping during construction phase. Mode
shapes of vibrations demonstrated a possible explanation of development of

longitudinal cracks.

Time histories of stresses developed in various bridge members showed that the
current state of the bridge is within safety limits and no signs of alarming natures

were recorded to date in the steel superstructure as result of concrete deck cracks.
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7.2 Proposed Future Work

The new method for crack detection was demonstrated to be effective in detecting
hidden cracks in the concrete deck and indicate time of initiation and development of
a particular crack. A future development is to correlate the method to the crack
width. This will require precise measurement of the crack width and a mathematical

correlation between that and the output factor.

Little is provided in the literature and design methods about the effect of moisture
variation on bridge superstructure. The reason could be that temperature variation is
thought to be the predominant factor. The weather station at the Star City Bridge
site provide information about all environmental factors and along with the
response data from the instrumentation system, it would be interesting to isolate the

effects of such unconventional parameters.

Analysis of the dynamic properties of the Star City Bridge gives an insight into
possible reasons for longitudinal cracks developed in the concrete deck. The finite
element model can be used for further analysis where parametric study can be
conducted to show the effect of different bracing systems with different lateral

stiffness on the dynamic properties of the superstructure.

The engineering community was always interested to work with better and
stronger building material. In the area of bridge decks, high performance concrete
is introduced and was implemented on many bridges throughout the nation.
However, this did not solve the problem of premature bridge deck cracks. The
concept of designing light weight flexible decks with higher strength capacity
concrete material does not seem to serve the purpose of eliminating cracks, and
the reasons are intuitive. Flexible decks with long spans will entertain high levels
of vibrations and large deflection magnitudes that a brittle material as concrete
will not be able to resist. Therefore cracks will definitely occur. There is a need to
explore new solutions by using more flexible concrete material, rather than high

strength concrete.
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A1.1 Compression Strength Tests results

Appendix A1

TESTING OF CONCRETE MATERIAL

Table A1-1 Compression strength of Pour No. 1

Age Specimen No. 1 Specimen No. 2 Specimen No. 3 Average
Load Stress Load Stress Load Stress Stress
(Ibs) (PSI) (Ibs) (PSI) (Ibs) (PSI) (PSI)
Day 1 52000 1839 51000 1804 48000 1698 1780
Day 3 110000 3890 106000 3749 101000 3572 3737
Day 7 145000 5128 140000 4951 135000 47175 4951
Day 14 150000 5305 172000 6083 148000 5234 5541
Day 28 167500 5924 174500 6172 160000 5659 5918
Day 60 193000 6825 197500 6985 - - 6905

Table A1-2 Compression strength of Pour No. 2

Age Specimen No. 1 Specimen No. 2 Average
Load Stress Load Stress Stress
(Ibs) (PSI) (Ibs) (PSI) (PS])
Day 1 61500 2175 62000 2192 2184
Day 3 97500 3448 77500 2741 3094
Day 7 134500 4757 121500 4297 4527
Day 14 151000 5340 130500 4615 4978
Day 21 145000 5128 140000 4951 5040
Day 60 144500 5110 147000 5199 5154
Table A1-3 Compression strength of Pour No. 3
Age Specimen No. 1 Specimen No. 2 Average
Load Stress Load Stress Stress
(Ibs) (PSI) (Ibs) (PSI) (PSI)
Day 1 61000 2157 84500 2988 2573
Day 3 116500 4120 126500 4474 4297
Day 7 127000 4491 123000 4350 4421
Day 14 131000 4633 158000 5588 5110
Day 21 132500 4686 136000 4810 4748

158




A1.2 Tensile Strength Tests Results

Table A1-4 Tensile Strength of Pour No. 1

Age Specimen No. 1 Specimen No. 2 Specimen No. 3 Average
Load Stress Load Stress Load Stress Stress
(Ibs) (PSI) (Ibs) (PSI) (Ibs) (PSI) (PSI)
Day 1 10100 201 12000 239 13000 259 233
Day 3 25000 497 22000 438 21000 418 451
Day 7 27000 537 22000 438 28000 557 511
Day 14 23600 470 26500 527 26000 517 505
Day 28 29600 589 29000 577 25500 507 558
Day 60 25900 515 23500 467 - - 491
Table A1-5 Tensile Strength of Pour No. 2
Age Specimen No. 1 Specimen No. 2 Average
Load Stress Load Stress Stress
(lbs) (PSI) (lbs) (PSI) (PSI)
Day 1 16600 330 14600 290 310
Day 3 19600 389 228 453 421
Day 7 23100 459 24600 489 474
Day 14 25000 497 26500 527 512
Day 21 25000 497 25100 499 498
Day 60 32900 654 29400 584 619
Table A1-6 Tensile Strength of Pour No. 3
Age Specimen No. 1 Specimen No. 2 Average
Load Stress Load Stress Stress
(Ibs) (PSI) (Ibs) (PSI) (PSI)
Day 1 13700 272 11400 226 249
Day 3 15400 306 17200 342 324
Day 7 22000 437 - - 437




A1.3 Modulus of Elasticity & Poisson’s Ratio Tests Results
Table A1-7 Modulus of Elasticity of Pour No. 1 at Day 1

Load Vertical Horizontal Temp Stresses Differential Differential Stress/Strain Hor/Vert.

Strain Strain Vertical Horizontal Strain

(Ibs) (ue) (ue) (°C) (PSI) Strain (ug)  Strain (ue) (PSI) ratio

0 2207.14  2773.01 21.9 0 0.0 0 - -
1010 2197.01 2775.26 21.7 35.721 -10.1 2.25 3526305 0.222
2000 2185.59 2777.78 21.7 70.735 -21.5 4.77 3066035 0.220
2990 2174.79  2779.64 216  105.749 -32.3 6.63 3242048 0.172

<é 3990 2163.57 2782.02 21.5 141117 -43.6 9.01 3152210 0.212
g 5010 2152.46  2783.69 215 177192 -54.7 10.68 3247088 0.150
g 6000 2141.14  2786.16 215 212.206 -66.0 13.15 3093120 0.218
& 5490 214539  2784.91 214  194.169 -61.8 11.9 4244135 0.294
4520 2154.94  2783.29 214  159.862 -52.2 10.28 3592331 0.169
3530 2165.3 2781.22 214  124.848 -41.8 8.21 3379741 0.199
2520 217552  2779.81 21.3  89.1268 -31.6 6.8 3495252 0.137
1540 2187.11 2777.52 21.3 54.466 -20.0 4.51 2990547 0.197

0 2658.01 2667.85 21.2 0 0 0 - -
1010 2648.66  2669.87 21.1 35.721 -9.35 2.02 3820478 0.216
2010 2638.21 2672.41 21 71.089 -19.8 4.56 3384478 0.243
3000 2628.3 2674.35 21 106.103 -29.71 6.5 3533211 0.195

02 4000 2617.52 2676.62 21 141.471 -40.49 8.77 3280872 0.210
g 5030 2606.25 2678.52 20.9 177.9 -51.76 10.67 3232372 0.168
g 6010 2596.02 2680.76 21 212.560 -61.99 12.91 3388117 0.218
% 5500 2600.75 2679.45 21 194.522 -57.26 11.6 3813441 0.276
4500 2609.45 2678.06 20.9 159.155 -48.56 10.21 4065264 0.159
3510 2619.94 2675.62 20.9 124.141 -38.07 7.77 3337857 0.232
2520 2629.85 2674.13 20.9 89.126 -28.16 6.28 3533211 0.150
1520 2640.76 2671.58 20.9 53.759 -17.25 3.73 3241778 0.233
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Table A1-8 Modulus of Elasticity of Pour No. 1 at Day 2

Load Vertical Horizontal Temp Stresses Differential Differential Stress/Strain Hor/Vert.
Strain Strain Vertical Horizontal Strain
(Ibs) (u1e) (ue) (°C) (PSI) Strain (ug)  Strain (ug) (PSI) ratio
0 2565.3 2538.5 21.2 0 0 0 - -
700 2560 2539.5 21.2 -24.787 -5.3 1 4676917 0.188
1281  2555.8 2540.6 21 -45.332 -9.5 21 4891602 0.261
1748 25529 2541.6 20.9 -61.857 -12.4 3.1 5698313 0.344
2247  2550.2 2542.6 20.9 -79.499 -15.1 4.1 6533951 0.370
3037 25447 2544.4 20.8 -107.413 -20.6 5.9 5075279 0.327
3750 2539.9 25457 20.7  -132.647 -25.4 7.2 5257143 0.270
< 4463 25354 2547.2 20.6 -157.882 -29.9 8.7 5607619 0.333
S 5227 2530.8 2548.7 20.5 -184.903 -34.5 10.2 5874083 0.326
% 5739 25285 2549.4 204  -202.991 -36.8 10.9 7864475 0.304
2 5973 2526.5 2550.3 20.3 -211.253 -38.8 11.8 4131277 0.45
@ 5436  2529.9 2549.5 20.2 -192.272 -35.4 11 5582806 0.235
4716  2534.3 2548.5 20.2 -166.814 -31 10 5785818 0.227
3908 2538.4 2547.5 20.2 -138.23 -26.9 9 6971700 0.243
3144 25446 2546.2 20.1 -111.21 -20.7 7.7 4358191 0.209
2456  2549.5 25451 20 -86.868 -15.8 6.6 4967558 0.224
1824 25544 2544 20 -64.537 -10.9 5.5 4557393 0.224
1357 2558.5 2543.3 20 -48.012 -6.8 4.8 4030514 0.170
675  2562.1 2542.8 19.9 -23.894 -3.2 4.3 6699368 0.138
0 2051.2 2179.5 214 0 0 0 - -
549  2045.3 2180.4 21.3 -19.428 -5.9 -0.9 3292910 0.153
1900 2036.2 2182.1 21.3 -67.217 -15 -2.6 5251519 0.186
3169 2027.3 2183.8 213  -112.103 -23.9 -4.3 5043344 0.191
4217  2018.3 2185.3 213  -149.173 -32.9 -5.8 4118871 0.166
2 5007 2012.6 2187 213  -177.087 -38.6 -7.5 4897199 0.298
OE) 5960 2006.6 2188.2 21.3  -210.807 -44.6 -8.7 5620025 0.2
g 4602 20164 2186.7 21.3  -162.795 -34.8 -7.2 4899197 0.153
& 3441  2023.9 2185.6 21.3  -121.705 -27.3 -6.1 5478594 0.146
2430 2032.3 2184.6 21.3 -85.975 -18.9 -5.1 4253567 0.119
1344 2038.4 2183.8 21.3 -47.565 -12.8 -4.3 6296673 0.131
549 2044 2183.2 21.3 -19.428 -7.2 -3.7 5024526 0.107
0 2049.6 2182.6 21.3 0 -1.6 -3.1 3469315 0.107
0 2051.2 2179.5 214 0 0 0 - -
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Table A1-9 Modulus of Elasticity of Pour No. 1 at Day 3

Load Vertical Horizontal Temp Stresses Differential Differential Stress/Strain Hor/Vert.
Strain Strain Vertical Horizontal Strain

(Ibs) (u1e) (ue) (°C) (PSI) Strain (ug)  Strain (ug) (PSI) ratio

0 2553.7 2525.5 21.8 0 0 0 - -

902  2549.3 2526 21.8 -31.933 -4.4 0.5 7257648 0.113

1534 2545.8 2526.7 21.8 -54.264 -7.9 1.2 6380350 0.2
2304 25416 2527.8 21.6 -81.509 -121 2.3 6486689 0.261
2992  2537.5 2528.9 21.6 -105.85 -16.2 3.4 5936838 0.268
3801 2532.6 2530 215 -134.434 -21.1 4.5 5833463 0.224

< 4666 2526 25324 214  -165.028 -27.7 6.9 4635421 0.363
s 5411 25203 2534.3 21.3  -191.379 -33.4 8.8 4622956 0.333
% 6074 2513.9 2536.1 21.2 -214.826 -39.8 10.6 3663717 0.281
8 5423 25165 2535.6 211 -191.825 -37.2 10.1 8846601 0.192
@ 4356  2523.3 2534 .4 21 -154.085 -30.4 8.9 5549966 0.176
3832 2529.2 2533 20.9 -135.551 -24.5 7.5 3141511 0.237
3093 2534.6 25321 20.9 -109.423 -19.1 6.6 4838432 0.166
2197 2541.8 2530.5 20.8 -77.712 -11.9 5 4404214 0.222
1370 2546.5 2529.8 20.7 -48.458 -7.2 4.3 6224235 0.148
631 2550.2 2529.2 20.6 -22.331 -3.5 3.7 7061496 0.162

31 2554.5 2528.8 20.6 -1.116 0.8 3.3 4933643 0.093

0 2044.9 2161.1 21.7 0 0 0 - -
763  2037.9 2165.8 21.6 -27.020 -7 4.7 3860112 0.671
1559  2033.1 2166.6 21.5 -55.158 -11.8 5.5 5861947 0.166
2462 2027.2 2167.3 214 -87.091 -17.7 6.2 5412484 0.118
3441  2019.3 2168.7 214  -121.705 -25.6 7.6 4381443 0.177

52 4375 20124 2169.8 213 -154.755 -32.5 8.7 4789886 0.159
GE) 5240 2005.5 2171.2 212  -185.349 -39.4 10.1 4433881 0.202
g 6244 19976 2172.5 211 -220.856 -47.3 1.4 4494513 0.164
& 5183 2004 2171.8 21 -183.339 -40.9 10.7 5861947 0.109
4243  2011.5 2170.5 20.9 -150.066 -33.4 9.4 4436470 0.173
3314  2019.8 2169.4 209 -117.239 -25.1 8.3 3955048 0.132
1913  2026.9 2168.5 20.8 -67.663 -18 7.4 6982440 0.126
833  2033.9 2167.9 20.8 -29.477 -1 6.8 5455199 0.085

31 2041.5 21671 20.7 -1.116 -3.4 6 3731665 0.105
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Table A1-10 Modulus of Elasticity of Pour No. 1 at Day 7

Load Vertical Horizontal Temp Stresses Differential Differential Stress/Strain Hor/Vert.
Strain Strain Vertical Horizontal Strain

(Ibs) (u1e) (ue) (°C) (PSl) Strain (ug)  Strain (ug) (PSI) ratio

0 2562.2 2524.83 20 0.000 0 0 - -

518  2559.8 2526.7 19.7 -18.312 -2.4 1.2 7629835 0.500
1515  2555.1 25281 19.7 -53.595 -7.1 2.6 7507093 0.298
2191 2550.7 2529.7 19.7 -77.489 -11.5 4.2 5430548 0.364
2955 25455 2531.2 19.7  -104.510 -16.7 5.7 5196304 0.288
3757  2539.2 2533.2 19.7  -132.871 -23 7.7 4501692 0.317

i 4382 2532.7 2534.8 19.3  -154.979 -29.5 9.3 3401217 0.246
:g: 4950 2525.2 2537.2 19.3 -175.077 -37 11.7 2679747 0.320
g 6282 2517.4 2539.6 19.3  -222.196 -44.8 141 6040883 0.308
& 5550 2519.4 2539 19.2 -196.291 -42.8 13.5 12952111 0.300
4521 25261 2537 19.2  -159.892 -36.1 11.5 5432821 0.299
3738 25343 2534.5 19.2  -132.201 -27.9 9 3376917 0.305
2759 25426 2532.4 19.2 -97.588 -19.6 6.9 4170289 0.253
1787  2551.9 2530.3 19.2 -63.197 -10.3 4.8 3697859 0.226
644  2558.2 2528.8 19.2 -22.778 -4 3.3 6415797 0.238

38 2562.4 2527.5 19 -1.340 0.2 2 5104280 0.310

0 2058.5 2162.6 20.5 0.000 0 0 - -

821 2052.9 2163.4 20.3 -29.031 -5.6 0.8 5184035 0.143
1938 2046.9 2164.4 20.1 -68.557 -11.6 1.8 6587712 0.167
3492 2038 2166 20 -123.492 -20.5 3.4 6172451 0.180

m 4666 2031.3 2167.4 19.9 -165.028 -27.2 4.8 6199415 0.209
g 5544 20255 2168.4 19.8 -196.068 -33 5.8 5351794 0.172
% 6491  2020.2 2169.9 19.7  -229.565 -38.3 7.3 6320158 0.283
2, 5304 2026.5 2168.7 196 -187.582 -32 6.1 6663921 0.190
7 4155 2033 2168 19.5 -146.939 -25.5 54 6252743 0.108
2810 2041.3 2166.8 19.4 -99.374 -17.2 4.2 5730784 0.145
1560 2047.8 2166.1 19.4 -55.158 -10.7 3.5 6802435 0.108
701 2053.3 2165.4 19.4 -24.788 -5.2 2.8 5521903 0.127

0 2058.1 2164.9 19.3 0.000 -04 2.3 5164096 0.104
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Table A1-11 Modulus of Elasticity of Pour No. 1 at Day 14

Load Vertical Horizontal Temp Stresses Differential Differential Stress/Strain Hor/Vert.
Strain Strain Vertical Horizontal Strain

(Ibs) (ug) (ue) (°C) (PSI) Strain (ug)  Strain (ue) (PSI) ratio

0 2567.8 2528.1 21.2 0.000 0 0 - -

750 2565 2528.9 21.1 -26.526 -2.8 0.8 9473517 0.286

1410 2561.28 2529.8 21 -49.869 -6.5 1.7 6274931 0.242

2170 2557.67 2530.7 20.8 -76.748 -10.1 26 7445852 0.249
3020 2552.8 2532.2 20.8 -106.811 -15 41 6173024 0.308

4300 2546.75 2534.3 20.8 -152.082 -21.1 6.2 7482773 0.347

5470 2540.3 2536.3 20.7  -193.462 -27.5 8.2 6415554 0.310
6390 25354 2537.4 20.6  -226.000 -32.4 9.3 6640484 0.224

< 7250 2531 2539.5 20.5 -256.417 -36.8 11.4 6912796 0.477
T 8280 25251 2540.9 20.5 -292.845 -42.7 12.8 6174378 0.237
E 9140 2519.84 25427 204  -323.262 -48 14.6 5782567 0.342
8 9940 2515.6 2543.8 20.3 -351.556 -52.2 15.7 6673169 0.259
& 9170 25193 25431 20.3 -324.323 -48.5 15 7360325 0.189
8060 2525.8 2540.9 20.3 -285.064 -42 12.8 6039731 0.338
7020 25314 2539.8 20.2 -248.282 -36.4 11.7 6568305 0.196

5970 2537.5 2537.7 20.2 -211.146 -30.3 9.6 6087899 0.344

4950 25429 2536.3 20.2  -175.071 -24.9 8.2 6680584 0.259
3980 2548.7 2534.6 20.1  -140.764 -19.1 6.5 5914959 0.293
2890 25544 2533.4 20.1  -102.213 -13.4 5.3 6763315 0.211
1390 2562.8 2531.1 20.1 -49.161 -5 3 6315678 0.274

20 2570.2 2530 20 -0.707 24 1.9 6547822 0.149

0 2069.8 2168.6 21.7 0.000 0 0 - -

970 2061.5 2169.65 21.6 -34.307 -8.3 1.05 4133345 0.127

1980 2053.2 21713 215 -70.028 -16.6 27 4303792 0.199
2830 2045.4 2172.5 214  -100.091 -24.4 3.9 3854183 0.154

3960 2035.9 2174.5 21.3  -140.056 -33.9 5.9 4206906 0.211

5050 2027.2 2175.9 21.3 -178.607 -42.6 7.3 4431138 0.161
6010 2018.8 2178 21.2  -212.560 -51 9.4 4042034 0.250

m 7050 20104 2179.6 21.2  -249.343 -59.4 11 4378870 0.190
= 8330 1999.3 21823 211 -294.614 -70.5 13.7 4078448 0.243
g 9100 1992.9 2183.6 211 -321.847 -76.9 15 4255188 0.203
'g 10040 1984.7 2185.5 211 -355.093 -85.1 16.9 4054357 0.232
o, 9380 1989.8 2184 .1 21 -331.750 -80 15.5 4577009 0.275
¥ 8050  2000.2 2182 21 -284.711 -69.6 13.4 4522997 0.202
6920 2009.8 2179.8 21 -244.745 -60 11.2 4163084 0.229

5520 2021.2 2177.7 21 -195.230 -48.6 9.1 4343413 0.184
4030 2034.2 21751 20.9 -142.532 -35.6 6.5 4053693 0.200
3110 2041.9 2173.7 20.9 -109.994 -27.9 5.1 4225763 0.182
2120 2050.6 2172 20.9 -74.980 -19.2 3.4 4024611 0.195

1070 2059.4 2170.9 20.8 -37.844 -10.4 23 4220021 0.125

0 2068.5 2169.2 20.8 0.000 -1.3 0.6 4158631 0.187
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Table A1-12 Modulus of Elasticity of Pour No. 1 at Day 21

Load Vertical Horizontal Temp Stresses Differential Differential Stress/Strain Hor/Vert.
Strain Strain Vertical Horizontal Strain

(Ibs) (18 (1) (°C) (PSI) Strain (ug)  Strain (ug) (PSI) ratio

0 2591.9 2550.7 18.6 0.000 0 0 - -

860 2587.7 2551.6 18.5  -30.416 -4.2 0.9 7241977 0.214
2030 2582.6 2553.41 185  -71.797 -9.3 2.71 8113788 0.355

3060 2577.6 2554.6 18.5 -108.225 -14.3 3.9 7285766 0.238
4360 2570.8 2556.9 18.4  -154.204 -21.1 6.2 6761490 0.338

5550  2565.2 2558.5 184  -196.291 -26.7 7.8 7515656 0.286
6310  2560.9 2560.04 184  -223.171 -31 9.34 6251052 0.358
7650  2554.5 2561.88 18.3 -270.564 -37.4 11.18 7405132 0.288

i 8570 2549.46 2563.8 18.3  -303.102 -42.44 13.1 6456026 0.381
g 9450 25447 2564.95 18.3  -334.226 -47.2 14.25 6538584 0.242
g 11080 2535.1 2568.3 18.3 -391.875 -56.8 17.6 6005157 0.349
& 10800 2536.15 2567.4 18.2 -381.972 -55.75 16.7 9431412 0.857
9550 2542.8 2565.8 18.2  -337.762 -49.1 15.1 6648082 0.241
8200 2550.27 2563.3 18.2  -290.016 -41.63 12.6 6391770 0.335

6860 2557.03  2561.47 18.2  -242.623 -34.87 10.77 7010776 0.271

5060 2566.67  2558.27 18.2  -178.961 -25.23 7.57 6603945 0.332
3670 2573.3 2556.58 18.2  -129.800 -18.6 5.88 7414968 0.255
1910 2582.69  2553.87 18.1 -67.553 -9.21 3.17 6629107 0.289
620 2589.13  2552.38 18.1 -21.928 -2.77 1.68 7084543 0.231

0 2591.3 2551.56 18.1 0.000 -0.6 0.86 10105084 0.378

0 2093.5 2194.2 19.4 0.000 0 0 - -

880 2087.05 2195.04 194  -31.124 -6.45 0.84 4825374 0.130

2010 2078.07  2197.09 194  -71.089 -15.43 2.89 4450513 0.228

3720 2064.7 2199.21 19.3 -131.568 -28.8 5.01 4523480 0.159
5080 2053.53  2201.79 19.4 79.668 -39.97 7.59 4306195 0.231

6690 2040.69  2204.35 19.3 -236.611 -52.81 10.15 4434747 0.199

m 8170 2028.34  2207.43 19.3 -288.955 -65.16 13.23 4238408 0.249
g 9740 2015 2209.86 19.3 -344.482 -78.5 15.66 4162477 0.182
% 9020 2021.6 2209.18 19.3 -319.018 -71.9 14.98 3858305 0.103
2 8230 2028 2207.57 19.2 -291.077 -65.5 13.37 4365712 0.252
7 7200 2038 2206.04 19.2  -254.648 -55.5 11.84 3642883 0.153
6100 2047.34  2203.61 19.2 -215.744 -46.16 9.41 4165372 0.260
4190 2058.22  2200.51 19.1  -148.191 -35.28 6.31 6208868 0.285
3570 2067 2199.53 191  -126.263 -26.5 5.33 2497498 0.112

2300 2079 2197.88 19.1 -81.346 -14.5 3.68 3743092 0.138

750 2088.6 2195.3 19 -26.526 -4.9 1.1 5710425 0.269

0 2092.7 2194.8 19 0.000 -0.8 0.6 6469719 0.122
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Table A1-13 Modulus of Elasticity of Pour No. 1 at Day 28

Load Vertical Horizontal Temp Stresses Differential Differential Stress/Strain Hor/Vert.
Strain Strain Vertical Horizontal Strain

(Ibs) (ug) (ue) (°C) (PSI) Strain (ug)  Strain (ue) (PSI) ratio

0 259548  2559.32 19.6 0.000 0 0 - -
1000 2591.12  2560.17 19.5 -35.368 -4.36 0.85 8111880 0.195
2000 2586.06 2561.9 19.4 -70.736 -9.42 2.58 6989683 0.342

2990 2581.6 2563.12 194 -105.750 -13.88 3.8 7850699 0.274

4280 257545  2565.26 194 -151.374 -20.03 5.94 7418611 0.348

5800 2568.9 2567.49 19.3 -205.133 -26.58 8.17 8207488 0.340

i 7040 2562.4 2570.04 19.2  -248.989 -33.08 10.72 6747087 0.392
“é 8550 2555.37  2572.31 19.1 -302.395 -40.11 12.99 7596781 0.323
g 10030 2547.5 2575.28 19.1  -354.739 -47.98 15.96 6651123 0.377
& 9370  2551.2 2574.12 19 -331.396 -44.28 14.8 6308850 0.314
8270 2556.67 2572.73 19 -292.492 -38.81 13.41 7112354 0.254

7470 2561.47  2571.29 18.9 -264.197 -34.01 11.97 5894633 0.300

5750 2570.09 2569.5 18.8  -203.365 -25.39 10.18 7057147 0.208
3850 2580.2 2565.7 18.8 -136.166 -15.28 6.38 6646767 0.376
1320 2592.02  2562.67 18.7 -46.685 -3.46 3.35 7570264 0.256

0 2599 2561.14 18.7 0.000 3.52 1.82 6688466 0.219

0 2104.7 2211.9 19.7 0.000 0 0 - -
1130 2095.8 2211.9 19.5 -39.966 -8.9 0 4490518 0.000

2700 2083.16 2214 .4 194 -95.493 -21.54 25 4392994 0.198

4180 2071.4 2216.4 19.4  -147.837 -33.3 4.5 4451049 0.170
5850 2057.8 2219.6 19.3  -206.902 -46.9 7.7 4342957 0.235

m 7350 20455 2221.67 19.2  -259.953 -59.2 9.77 4313146 0.168
g 9140 2030.78  2225.13 19.1 -323.262 -73.92 13.23 4300839 0.235
g 10130 2022.57  2226.79 19 -358.276 -82.13 14.89 4264813 0.202
2 8840 20317 2225.01 19 -312.651 -73 13.11 4997202 0.195
7 6980 2046.68  2221.66 18.9  -246.867 -58.02 9.76 4391462 0.224
5080 2061.68 2218.9 18.8 -179.668 -43.02 7 4479921 0.184

3580 2074.53 2216.3 18.8 -126.617 -30.17 4.4 4128536 0.202
2110 2086.6 2214.46 18.7 -74.626 -18.1 2.56 4307428 0.152

810 2097.54 221242 18.6 -28.648 -7.16 0.52 4202754 0.186

0 2103.4 2211.9 18.6 0.000 -1.3 0 4888723 0.089
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Table A1-14 Modulus of Elasticity of Pour No. 1 at Day 60

Load Vertical Horizontal Temp Stresses Differential Differential Stress/Strain Hor/Vert.
Strain Strain Vertical Horizontal Strain

(Ibs) (u1e) (ue) (°C) (PSl) Strain (ug)  Strain (ug) (PSI) ratio

0 2203.43 2233.7 211 0.000 0 0 - -

1000 2198.23  2234.68 211 -35.368 -5.2 0.72 4706386 0.095

2000 2191.92  2236.02 211 -70.736 -11.5 2.59 4030284 0.217
3000 2186.39 2237 211 -106.103 -17 3.73 4318412 0.139
4000 2179.99  2238.83 211 -141.471 -23.4 5.73 3769012 0.215
i 5010 2174.01 2240.44 211 -177.192 -29.4 6.41 3925520 0.073
:g: 6000 2168.03  2241.63 211 -212.206 -35.4 8.82 3699560 0.252
g 5500 2170.3 224117 211 -194.522 -33.1 7.77 4728315 0.281
& 4510 2176.07 2239.2 21.2  -159.508 -27.4 6.55 4382626 0.151
3510 2181.68  2237.76 212 -124.141 -21.8 4.63 3877532 0.213
2500 2186.9 2236.64 21.2 -88.419 -16.5 3.19 4493267 0.181
1520 2193 2234.94 21.2 -53.759 -10.4 1.41 3964999 0.200

530 2198.54  2234.11 21.2 -18.745 -4.9 0.39 4300303 0.127

0 2201.77 2233.3 211 0.000 -1.7 -0.68 4299296 0.245

0 1637.86  1834.29 211 0.000 0 0 - -
1010 1630.27  1835.01 211 -35.721 -7.59 0.72 4706386 0.095
1990 1621.67  1836.88 211 -70.382 -16.19 2.59 4030284 0.217
2990 1613.48  1838.02 211 -105.749 -24.38 3.73 4318412 0.139
3980 1604.19  1840.02 211 -140.763 -33.67 5.73 3769012 0.215
a 5010 1594.91 1840.7 211 -177.192 -42.95 6.41 3925520 0.073
g 6010 1585.35  1843.11 211 -212.560 -52.51 8.82 3699560 0.252
g 5510 1589.09  1842.06 211 -194.876 -48.77 7.77 4728315 0.281
& 4510 1597.16  1840.84 211 -159.508 -40.7 6.55 4382626 0.151
3520 1606.19  1838.92 211 -124.494 -31.67 4.63 3877532 0.213
2510 1614.14  1837.48 21.1 -88.773 -23.72 3.19 4493267 0.181
1510 1623.06 1835.7 211 -53.405 -14.8 1.41 3964999 0.200

530 1631.12 1834.68 211 -18.745 -6.74 0.39 4300303 0.127

0 1635.48  1833.61 211 0.000 -2.38 -0.68 4299296 0.245
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Table A1-15 Modulus of Elasticity of Pour No. 2 at Day 1

Load Vertical Horizontal Temp Stresses Differential Differential Stress/Strain Hor/Vert.
Strain Strain Vertical Horizontal Strain

(Ibs) (u1e) (ue) (°C) (PSl) Strain (ug)  Strain (ug) (PSI) ratio

0 2184.47  2533.71 225 0.000 0 0 - -

980 2176.88  2535.75 22.3 -34.660 -7.6 2.04 4566593 0.269
1990 2168.15  2537.26 22.3 -70.382 -16.3 3.55 4091807 0.173
3050 2159.29  2539.02 22.3 -107.872 -25.2 5.31 4231361 0.199

i 3980 2150.79  2540.99 222 -140.764 -33.7 7.28 3869653 0.232
:g: 5000 2142.24 2542.2 222 -176.839 -42.2 8.49 4219316 0.142
g 4500 2145.64  2542.06 222 -159.155 -38.8 8.35 5201146 0.041
& 3530 2153.24  2540.29 222 -124.848 -31.2 6.58 4514048 0.233
2520 2161.08  2538.93 222 -89.127 -23.4 5.22 4556310 0.173

1520 2169.93  2536.68 22.1 -53.759 -14.5 297 3996361 0.254
510 2178.08  2535.41 22.1 -18.038 -6.4 1.7 4383003 0.156

0 2182.78  2534.19 22.1 0.000 -1.7 0.48 3837782 0.260

0 2266.58  2348.91 215 0.000 0 0 - -
1000 2255.28  2350.02 214 -35.368 -11.3 1.11 3129893 0.098

1980 224213  2352.73 214 -70.028 -24.45 3.82 2635775 0.206

2990 2228.32 2355.1 214  -105.750 -38.26 6.19 2586638 0.172

a 3990 2214.81 2357.78 214  -141.118 -51.77 8.87 2617897 0.198
g 5000 2200.6 2360.21 214  -176.839 -65.98 11.3 2513826 0.171
g 4510 220492  2359.62 21.3 -159.509 -61.66 10.71 4011625 0.137
& 3520 2217.17  2356.63 21.3  -124.495 -49.41 7.72 2858295 0.244
2520 2229.53  2354.23 21.3 -89.127 -37.05 5.32 2861472 0.194

1510 2243 2351.79 21.3 -53.405 -23.58 2.88 2651928 0.181
520 2255.78  2349.75 21.3 -18.313 -10.8 0.84 2739759 0.160

0 2262.93  2348.03 21.3 0.000 -3.65 -0.88 2572203 0.241
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Table A1-16 Modulus of Elasticity of Pour No. 2 at Day 2

Load Vertical Horizontal Temp Stresses Differential Differential Stress/Strain Hor/Vert.
Strain Strain Vertical Horizontal Strain

(Ibs) (ue) (&) (°C) (PSI) Strain (ug)  Strain (ue) (PSI) ratio

0 2192.87  2534.11 21 0.000 0 0 - -
1000 2185.39 2535.6 21 -35.368 -7.5 1.49 4728315 0.199
1990 2176.9 2537.62 209  -70.382 -16 3.51 4124160 0.238
3010 2169.32  2539.13 209 -106.457 -23.5 5.02 4759255 0.199
3990 2161.54  2541.26 20.8 -141.118 -31.3 7.15 4455069 0.274
i 4990 2154.61 2542.66 20.8 -176.485 -38.3 8.55 5103578 0.202
g 6000 2146.67  2544.71 20.8  -212.207 -46.2 10.6 4498926 0.258
g 5480 2150.65  2543.85 20.7 -193.816 -42.2 9.74 4620918 0.216
& 4500 2157.33  2542.44 20.7  -159.155 -35.5 8.33 5188688 0.211
3510 2165.11 2540.92 20.7  -124.141 -27.8 6.81 4500529 0.195
2510 2172.63  2539.76 206  -88.773 -20.2 5.65 4703164 0.154
1500 2181.36  2537.92 206  -53.052 -11.5 3.81 4091807 0.211
520 2189.65  2536.87 206  -18.391 -3.2 2.76 4180994 0.127

0 2194.64  2535.81 20.6 0.000 1.8 1.7 3685622 0.212

0 2288.73  2354.78 211 0.000 0 0 - -

990 2278.87  2356.15 211 -35.014 -9.86 1.37 3551127 0.139

1990 2268.75  2358.44 21 -70.382 -19.98 3.66 3494841 0.226
2980 2259.05 2360.18 209 -105.396 -29.68 5.4 3609703 0.179
3980 2248.62  2362.58 209 -140.764 -40.11 7.8 3390968 0.230

@ 5020 2238.06 2364.78 20.8 -177.546 -50.67 10 3483192 0.208
f:: 6000 2227.61 2367.17 20.7  -212.207 -61.12 12.39 3316788 0.229
g 5510 2231.84 2365.9 20.7  -194.877 -56.89 11.12 4096979 0.300
G 4500 2241.21 2364.39 20.7  -159.155 -47.52 9.61 3812324 0.161
3520 2251.81 2362.08 20.6  -124.495 -36.92 7.3 3269853 0.218

2510 2261.76  2360.34 206  -88.773 -26.97 5.56 3590098 0.175

1520 227235  2358.08 20.5  -53.759 -16.38 3.3 3306338 0.213
510 2282.18  2356.81 20.5  -18.038 -6.55 2.03 3633924 0.129

0 2287.84  2355.57 20.4 0.000 -0.89 0.79 3186851 0.219
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Table A1-17 Modulus of Elasticity of Pour No. 2 at Day 3

Load Vertical Horizontal Temp Stresses Differential Differential Stress/Strain Hor/Vert.
Strain Strain Vertical Horizontal Strain

(Ibs) (ue) (&) (°C) (PSI) Strain (ug)  Strain (ue) (PSI) ratio

0 2189.58  2528.64 20.8 0.000 0 0 - -
1000 2182.3 2529.7 20.7  -35.368 -7.3 1.06 4858214 0.146
1980 2174.42  2531.61 20.7  -70.028 -15.2 2.97 4398533 0.242

2990 2166.82  2533.01 206  -105.750 -22.8 4.37 4700194 0.184
4010 2158.97  2534.96 206  -141.825 -30.6 6.32 4595561 0.248

i 5010 2152.02  2536.28 206  -177.193 -37.6 7.64 5088891 0.190
g 6020 2144.59  2538.09 20.5 -212.914 -45 9.45 4807735 0.244
g 5520 2148.41 2537.32 20.5 -195.230 -41.2 8.68 4629293 0.202
& 4500 215522  2536.36 204  -159.155 -34.4 7.72 5297379 0.141
3540 2162.86  2534.74 204  -125.202 -26.7 6.1 4444121 0.212
2540 21701 2534.08 204  -89.834 -19.5 5.44 4885055 0.091
1510 2178.76  2532.42 20.3  -53.405 -10.8 3.78 4206562 0.192
510 21864 2531.1 20.3  -18.038 -3.2 2.46 4629293 0.173

0 2190.79  2530.38 20.3 0.000 1.2 1.74 4108787 0.164

0 2289.58  2353.07 20.8 0.000 0 0 - -
1000 2279.76  2354.88 20.7  -35.368 -9.82 1.81 3601608 0.184
1990 2270.34  2356.92 20.7  -70.382 -19.24 3.85 3716998 0.217
3010 2261.64  2358.37 20.7  -106.457 -27.94 5.3 4146569 0.167
3990 22524 2360.51 206 -141.118 -37.18 7.44 3751130 0.232
@ 4990 2242.88  2362.36 20.6 -176.485 -46.7 9.29 3715105 0.194
f:: 5990 2232.31 2364.72 20.5 -211.853 -57.27 11.65 3346054 0.223
g 5480 2236.75  2363.46 20.5 -193.816 -52.83 10.39 4062517 0.284
G 4490 224544  2362.03 20.5 -158.801 -44.14 8.96 4029242 0.165
3490 225548  2359.76 204 -123.434 -34.1 6.69 3522689 0.226
2530 2263.8 2358.38 204  -89.481 -25.78 5.31 4080899 0.166
1520 2273.69  2355.87 204  -53.759 -15.89 2.8 3611878 0.254

500 2283.34  2354.68 204  -17.684 -6.24 1.61 3738358 0.123

0 2289.23  2353.61 20.3 0.000 -0.35 0.54 3002360 0.182
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Table A1-18 Modulus of Elasticity of Pour No. 2 at Day 7

Load Vertical Horizontal Temp Stresses Differential Differential Stress/Strain Hor/Vert.
Strain Strain Vertical Horizontal Strain

(Ibs) (ue) (&) (°C) (PSI) Strain (ug)  Strain (ue) (PSI) ratio

0 2194.09  2529.05 20.2 0.000 0 0 - -

980 2187.81 2530.32 201 -34.660 -6.3 1.27 5519178 0.202
2000 2181.14  2532.46 201 -70.736 -13 3.41 5408568 0.321

2980 2175.41 2533.71 20 -105.396 -18.7 4.66 6048942 0.218
4060 2168.7 2535.97 20 -143.593 -25.4 6.92 5692581 0.337
i 5030 2163.42  2537.15 20 -177.900 -30.7 8.1 6497493 0.223
g 6000 2157.54  2539.02 19.9 -212.207 -36.6 9.97 5834483 0.318
g 5510 2160.79  2538.11 19.9 -194.877 -33.3 9.06 5332375 0.280
& 4490 2166.81 2537.37 19.9 -158.801 -27.3 8.32 5992550 0.123
3520 2173.54  2535.83 19.8  -124.495 -20.6 6.78 5097587 0.229
2530 2179.7 2534.83 19.8  -89.481 -14.4 5.78 5684110 0.162

1510 2186.68  2533.12 19.7  -53.405 -7.4 4.07 5168360 0.245
530 2192.81 2531.86 19.7  -18.745 -1.3 2.81 5654232 0.206

0 2196.67  2531.05 19.7 0.000 2.6 2 4856200 0.210

0 2303.12  2359.69 20.5 0.000 0 0 - -
1010 2293.62  2361.19 204  -35.721 -9.5 1.5 3760155 0.158
2000 2283.25 2363.3 204  -70.736 -19.87 3.61 3376482 0.203
2980 2265.37  2365.57 204  -105.396 -37.75 5.88 1938503 0.127
3990 2262.04  2367.33 20.3 -141.118 -41.08 7.64 10727169 0.529

@ 5000 2251.61 2369.44 20.2 -176.839 -51.51 9.75 3424878 0.202
f:: 6000 2240.83  2371.52 20.2 -212.207 -62.29 11.83 3280872 0.193
g 5460 2245.75  2370.12 20.1  -193.108 -57.37 10.43 3881831 0.285
G 4480 225477  2368.79 20 -158.448 -48.35 9.1 3842621 0.147
3520 2264.63  2366.49 20 -124.495 -38.49 6.8 3443518 0.233
2520 2275.28  2364.41 19.9  -89.127 -27.84 4.72 3320920 0.195
1520 2285.5 2362.45 19.9  -53.759 -17.62 2.76 3460645 0.192
530 2296.24 2360.1 19.8  -18.745 -6.88 0.41 3260160 0.219

0 2301.29  2359.83 19.7 0.000 -1.83 0.14 3711868 0.053
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Table A1-19 Modulus of Elasticity of Pour No. 2 at Day 14

Load Vertical Horizontal Temp Stresses Differential Differential Stress/Strain Hor/Vert.
Strain Strain Vertical Horizontal Strain

(Ibs) (ue) (&) (°C) (PSI) Strain (ug)  Strain (ue) (PSI) ratio

0 2207.52 2538.8 21.2 0.000 0 0 - -

1020 2201.39  2540.11 212  -36.075 -6.1 1.31 5885016 0.214
2040 219454 254212 211 -72.150 -13 3.32 5266445 0.293
3030 2188.35  2543.59 211 -107.164 -19.2 4.79 5656562 0.237
4040 2181.78  2545.26 211 -142.885 -25.7 6.46 5437058 0.254

i 5030 2176.02  2546.47 211 -177.900 -31.5 7.67 6078840 0.210
g 6020 2169.59  2548.29 211 -212.914 -37.9 9.49 5445430 0.283
g 5490 2172.79  2547.41 211 -194.169 -34.7 8.61 5857791 0.275
& 4500 2178.68  2546.34 21 -159.155 -28.8 7.54 5944672 0.182
3520 2184.99 25446 21 -124.494 -22.5 5.8 5492938 0.276
2510 2191.04  2543.48 21 -88.773 -16.5 4.68 5904376 0.185
1530 2198.01 2541.59 21 -54.113 -9.5 2.79 4972803 0.271

540 2204.64  2540.02 209  -19.099 -2.9 1.22 5281164 0.237

0 2207.94  2539.72 20.9 0.000 0.4 0.92 5787457 0.091

0 2315.08  2368.15 21.2 0.000 0 0 - -
1010 2308.46  2369.63 211 -35.721 -6.62 1.48 5395993 0.224

2010 2300.45 2371.68 211 -71.089 -14.63 3.53 4415455 0.256

3000 2291.68  2373.53 211 -106.103 -23.4 5.38 3992488 0.211

4000 2283.04 237547 21 -141.471 -32.04 7.32 4093495 0.225

@ 5010 2273.73 2377.7 21 -177.192 -41.35 9.55 3836893 0.240
f:: 6020 2264.8 2379.36 209 -212.914 -50.28 11.21 4000165 0.186
g 5500 2267.95  2379.04 209 -194.522 -47.13 10.89 5838493 0.102
G 4510 227727  2376.76 209 -159.508 -37.81 8.61 3756880 0.245
3520 228548  2375.13 20.8 -124.494 -29.6 6.98 4264813 0.199
2510 2295.05  2372.95 20.8  -88.773 -20.03 4.8 3732651 0.228
1530 2303.32  2371.75 20.8  -54.113 -11.76 3.6 4191105 0.145
510 2312.48 2369.5 20.8  -18.038 -2.6 1.35 3938335 0.246

0 2315.98  2369.16 20.8 0.000 0.9 1.01 5153593 0.097
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Table A1-20 Modulus of Elasticity of Pour No. 2 at Day 21

Load Vertical Horizontal Temp Stresses Differential Differential Stress/Strain Hor/Vert.
Strain Strain Vertical Horizontal Strain

(Ibs) (ue) (&) (°C) (PSI) Strain (ug)  Strain (ue) (PSI) ratio

0 22246 2553.92 204 0.000 0 0 - -
1010 2218.12  2554.82 20.2  -35.721 -6.5 0.9 5512573 0.139
2020 2210.92  2556.44 20.2  -71.443 -13.7 2.52 4961316 0.225
3020 2204.76  2557.59 201 -106.810 -19.8 3.67 5741525 0.187
4010 2198.34  2559.32 201 -141.824 -26.3 5.4 5453912 0.269

i 5040 2192.09  2560.62 201 -178.253 -32.5 6.7 5828613 0.208
g 6050 2185.59 2562.3 201 -213.975 -39 8.38 5495611 0.258
g 5510 2188.71 2561.46 20 -194.876 -35.9 7.54 6121349 0.269
& 4540 2194.02  2560.48 20 -160.569 -30.6 6.56 6460784 0.185
3550 2200.22 2558.9 20 -125.555 -24.4 4.98 5647438 0.255
2510 2206.42  2558.01 20 -88.773 -18.2 4.09 5932662 0.144
1540 2213.12  2556.38 20 -54.466 -11.5 2.46 5120412 0.243

540 2219.35  2555.19 19.9  -19.099 -5.3 1.27 5677014 0.191

0 2223.01 2554.27 19.9 0.000 -1.6 0.35 5218199 0.251

0 23331 2382.98 20.5 0.000 0 0 - -
1030 2325.06 2384.49 205  -36.429 -8.04 1.51 4530949 0.188

2010 2315.83  2386.77 204  -71.089 -17.27 3.79 3755194 0.247
3010 2307.09  2388.64 204  -106.457 -26.01 5.66 4046658 0.214
4030 2297.25  2391.01 204  -142.532 -35.85 8.03 3666174 0.241

@ 5030 2288.36  2392.69 204  -177.900 -44.74 9.71 3978380 0.189
f:: 6060 2278.62  2395.01 204  -214.329 -54.48 12.03 3740126 0.238
g 5490 2283.25  2393.79 20.3  -194.169 -49.85 10.81 4354135 0.263
G 4520 2290.25  2392.11 20.3 -159.862 -42.85 9.13 4900966 0.240
3510 2299.6 2389.74 20.3  -124.141 -33.5 6.76 3820478 0.253
2510 2308.51 2388.25 20.3  -88.773 -24.59 5.27 3969449 0.167
1510 2318.59  2386.08 20.3  -53.405 -14.51 3.1 3508710 0.215
510 2384.16 2327.8 20.3  -18.038 51.06 -55.18 539389.9 0.889

0 2382.91 2332.91 20.2 0.000 49.81 -50.07 -1.40E+07 4.088
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Table A1-21 Modulus of Elasticity of Pour No. 2 at Day 28

Load Vertical Horizontal Temp Stresses Differential Differential Stress/Strain Hor/Vert.
Strain Strain Vertical Horizontal Strain

(Ibs) (ue) (&) (°C) (PSI) Strain (ug)  Strain (ue) (PSI) ratio

0 2233.88  2573.57 19.6 0.000 0 0 - -
1020 2229.9 2575.8 19.3  -36.075 -4 2.23 9064108 0.560
2020 222359  2578.07 19.2  -71.443 -10.3 4.5 5605039 0.360

3010 2218.21 2579.48 19.2  -106.457 -15.7 5.91 6508200 0.262
4030 2211.34  2581.73 19.2  -142.532 -22.5 8.16 5251114 0.328
i 5000 2207.51 2583.84 194 -176.839 -26.4 10.27 8957379 0.551
g 6030 2200.8 2585.51 194  -213.267 -33.1 11.94 5429036 0.249
g 5530 2204.02  2584.76 19.4  -195.583 -29.9 11.19 5491894 0.233
& 4510 2209.76  2583.67 19.4  -159.508 -24.1 10.1 6284869 0.190
3500 2216.35  2582.02 19.4  -123.787 -17.5 8.45 5420557 0.250
2520 2222.38  2580.58 194  -89.127 -11.5 7.01 5748000 0.239

1520 2229.38  2578.68 19.4  -53.759 -4.5 5.11 5052542 0.271

530 2235.41 2577.4 19.5  -18.745 1.5 3.83 5806653 0.212

0 2239.17 2576.4 19.5 0.000 5.3 2.83 4985354 0.266

0 2344.71 2397.06 21.5 0.000 0 0 - -

1010 2341.24  2400.33 20.7  -35.721 -3.47 3.27 10294373 0.942

2020 2333.45 2404.45 206 -71.443 -11.26 7.39 4585555 0.529

3040 2328.68  2406.12 20 -107.518 -16.03 9.06 7562925 0.350
4050 2320.22  2408.41 19.9  -143.240 -24.49 11.35 4222396 0.271

@ 5050 2312.34  2410.01 19.9 -178.607 -32.37 12.95 4488299 0.203
f:: 6020 2304.08 2412.29 19.9 -212.914 -40.63 15.23 4153361 0.276
g 5520 2307.98 2410.8 19.9 -195.230 -36.73 13.74 4534333 0.382
G 4510 231466  2409.54 19.9 -159.509 -30.05 12.48 5347526 0.189
3540 2323.22  2407.28 19.9 -125.202 -21.49 10.22 4007799 0.264

2530 2330.89  2406.11 19.9  -89.481 -13.82 9.05 4657298 0.153

1520 2339.02  2403.74 19.9  -53.759 -5.69 6.68 4393785 0.292
530 2346.68  2402.29 20 -18.745 1.97 5.23 4571034 0.189

0 2351.04  2401.22 20 0.000 6.33 4.16 4299296 0.245
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Table A1-22 Modulus of Elasticity of Pour No. 3 at Day 1

Load Vertical Horizontal Temp Stresses Differential Differential Stress/Strain Hor/Vert.

Strain Strain Vertical Horizontal Strain
(Ibs) (ue) (1€ (°C) (PSl) Strain (ug)  Strain (u¢) (PSI) ratio

0 220714  2773.01 21.9 0.000 0 0 - -
1010 2197.01 2775.26 21.7 -35.721 -10.1 2.25 3526305 0.222
2000 2185.59  2777.78 21.7 -70.736 -21.5 4.77 3066035 0.221
2990 2174.79  2779.64 216 -105.750 -32.3 6.63 3242048 0.172
< 3990 2163.57  2782.02 215 -141.118 -43.6 9.01 3152210 0.212
§ 5010 2152.46  2783.69 215 -177.193 -54.7 10.68 3247088 0.150
g 6000 2141.14  2786.16 215 -212.207 -66 13.15 3093120 0.218
2. 5490 214539  2784.91 214  -194.169 -61.8 11.9 4244135 0.294
P 4520 2154.94  2783.29 214 -159.862 -52.2 10.28 3592331 0.170
3530 2165.3 2781.22 214  -124.848 -41.8 8.21 3379741 0.200
2520 2175.52  2779.81 21.3 -89.127 -31.6 6.8 3495252 0.138
1540 2187.11 2777.52 21.3 -54.466 -20 4.51 2990547 0.198

0 220714  2773.01 21.9 0.000 0 0 - -

0 2658.01 2667.85 21.2 0.000 0 0 - -
1010 2648.66  2669.87 211 -35.721 -9.35 2.02 3820478 0.216
2010 2638.21 2672.41 21 -71.089 -19.8 4.56 3384478 0.243
3000 2628.3 2674.35 21 -106.103 -29.71 6.5 3533211 0.196
m 4000 2617.52  2676.62 21 -141.471 -40.49 8.77 3280872 0.211
§ 5030 2606.25 2678.52 209 -177.900 -51.76 10.67 3232372 0.169
g 6010 2596.02  2680.76 21 -212.560 -61.99 12.91 3388117 0.219
8, 5500 2600.75 2679.45 21 -194.523 -57.26 11.6 3813441 0.277
74500 260945  2678.06 20.9 -159.155 -48.56 10.21 4065264 0.160
3510 2619.94  2675.62 20.9 -124.141 -38.07 7.77 3337857 0.233
2520 2629.85 2674.13 20.9 -89.127 -28.16 6.28 3533211 0.150
1520 2640.76  2671.58 20.9 -53.759 -17.25 3.73 3241778 0.234

0 2658.01 2667.85 21.2 0.000 0 0 - -
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Table A1-23 Modulus of Elasticity of Pour No. 3 at Day 2

Load Vertical Horizontal Temp Stresses Differential Differential Stress/Strain Hor/Vert.
Strain Strain Vertical Horizontal Strain

(Ibs) (ue) (&) (°C) (PSI) Strain (ug)  Strain (ue) (PSI) ratio

0 2244 .6 2785.71 20.2 0.000 0 0 - -
1000 2236.21 2787.46 20.2  -35.367 -8.4 1.75 4215470 0.209

1990 2226.76 2789.8 20.2  -70.382 -17.8 4.09 3705198 0.248
3000 2218.24 279144 20.1  -106.103 -26.4 5.73 4192661 0.192
4000 2209.16  2793.57 20.1  -141.471 -35.4 7.86 3895132 0.235

i 4990 2200.68  2794.96 201  -176.485 -43.9 9.25 4129023 0.164
g 6010 2191.54  2797.21 20 -212.560 -53.1 11.5 3946953 0.246
g 5490 2195.54  2796.18 20 -194.169 -49.1 10.47 4597813 0.258
& 4520 2203.73  2795.02 20 -159.862 -40.9 9.31 4188860 0.142
3520 2212.87  2792.89 20 -124.494 -31.7 7.18 3869562 0.233

2530 2221.5 2791.85 19.9  -89.481 -23.1 6.14 4057256 0.121

1530 2231.06 2789.61 19.9  -54.113 -13.5 3.9 3699560 0.234

500 2240.67  2788.22 199  -17.684 -3.9 2.51 3790721 0.145

0 2246.12  2787.47 19.8 0.000 1.5 1.76 3244752 0.138

0 2687.54  2672.94 19 0.000 0 0 - -
1060 2677.26  2673.74 19.1 -37.490 -10.28 0.8 3646874 0.078
2010 2668.29  2675.79 19.2  -71.089 -19.25 2.85 3745753 0.229

3010 2659.19  2677.47 19.1  -106.457 -28.35 4.53 3886571 0.185
4050 2649.64  2679.69 19.1  -143.239 -37.9 6.75 3851571 0.232
@ 5030 2640.64  2681.25 19.1  -177.900 -46.9 8.31 3851160 0.173
f:: 6050 2631.34  2683.56 19 -213.975 -56.2 10.62 3879048 0.248
g 5480 2635.73  2682.11 19 -193.815 -51.81 9.17 4592174 0.330
G 4530 264375  2680.75 19 -160.216 -43.79 7.81 4189452 0.170
3530 2652.81 2678.41 18.9 -124.848 -34.73 5.47 3903730 0.258
2520 2661.31 2677.11 189  -89.127 -26.23 4.17 4202526 0.153

1540 2670.96  2674.95 18.9  -54.466 -16.58 2.01 3591755 0.224
520 2679.91 2673.51 18.9  -18.391 -7.63 0.57 4030743 0.161

0 2685.11 2672.4 18.8 0.000 -2.43 -0.54 3536780 0.213
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Table A1-24 Modulus of Elasticity of Pour No. 3 at Day 3

Load Vertical Horizontal Temp Stresses Differential Differential Stress/Strain Hor/Vert.
Strain Strain Vertical Horizontal Strain

(Ibs) (ue) (&) (°C) (PSI) Strain (ug)  Strain (ue) (PSI) ratio

0 2244 .98 2783.5 20.3 0.000 0 0 - -
1010 2236.81 2784.64 201 -35.721 -8.2 1.14 4372273 0.140
1990 2227.52  2788.28 20 -70.382 -17.5 4.78 3730941 0.392
3010 2219.8 2789.91 19.9 -106.457 -25.2 6.41 4672947 0.211
4000 2210.54  2792.27 19.9 -141.471 -34.4 8.77 3781222 0.255

i 5010 2202.02  2793.96 19.9 -177.192 -43 10.46 4192661 0.198
g 5990 2192.54 2796.2 19.8 -211.853 -52.4 12.7 3656164 0.236
g 5490 2196.53  2795.21 19.8  -194.169 -48.4 11.71 4432055 0.248
& 4510 2204.86 27941 19.8  -159.508 -40.1 10.6 4160917 0.133
3530 2214.3 2792.04 19.8  -124.848 -30.7 8.54 3671657 0.218
2520 2223.02  2790.72 19.7  -89.127 -22 7.22 4096499 0.151
1520 2232.84  2788.56 19.7  -53.759 -12.1 5.06 3601608 0.220
530 2241.97  2787.15 19.7  -18.745 -3 3.65 3835062 0.154

0 2247.67  2786.08 19.7 0.000 2.7 2.58 3288584 0.188

0 2684.81 2668.14 19 0.000 0 0 - -
1010 2675.74  2669.64 19.5  -35.721 -9.07 1.5 3938420 0.165
2000 2667.75  2671.43 19.5  -70.736 -17.06 3.29 4382242 0.224

3010 2658.98  2673.77 19.4  -106.457 -25.83 5.63 4073144 0.267
4010 2651 2675.32 194  -141.824 -33.81 7.18 4432055 0.194

@ 5010 2642.44  2677.55 194  -177.192 -42.37 9.41 4131752 0.261
f:: 6050 2633.68  2679.07 19.4  -213.975 -51.13 10.93 4198916 0.174
g 5490 2637.53  2678.48 19.4  -194.169 -47.28 10.34 5144407 0.153
G 4490 2646.06  2676.44 194  -158.801 -38.75 8.3 4146283 0.239
3500 2654.06 2675.05 19.4  -123.787 -30.75 6.91 4376765 0.174
2530 2662.61 2673.07 19.3  -89.481 -22.2 4.93 4012487 0.232
1520 2671.01 2671.62 19.3  -53.759 -13.8 3.48 4252556 0.173

530 2679.93  2669.75 19.3  -18.745 -4.88 1.61 3925349 0.210

0 2683.98  2669.27 19.2 0.000 -0.83 1.13 4628378 0.119
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Table A1-25 Modulus of Elasticity of Pour No. 3 at Day 7

Load Vertical Horizontal Temp Stresses Differential Differential Stress/Strain Hor/Vert.
Strain Strain Vertical Horizontal Strain

(Ibs) (ue) (&) (°C) (PSI) Strain (ug)  Strain (ue) (PSI) ratio

0 223452  2778.15 21.7 0.000 0 0 - -

1000 2226.01 2779.84 21.7  -35.368 -8.5 1.69 4156028 0.199
2010 2216.59  2781.38 21.7  -71.089 -17.9 3.23 3792088 0.163
3020 2208.09 2782.82 21.7 -106.810 -26.4 4.67 4202526 0.169
4010 2199.97  2784.69 21.8 -141.824 -34.6 6.54 4312083 0.230

i 5000 2190.45 2786.18 21.8 -176.839 -44.1 8.03 3677953 0.157
g 6060 2181.03  2787.78 21.8 -214.328 -53.5 9.63 3979816 0.170
g 5510 2185.19  2786.58 21.8 -194.876 -49.3 8.43 4676031 0.288
& 4520 2192.63  2785.27 21.8 -159.862 -41.9 7.12 4706199 0.176
3530 2200.89  2783.29 21.8 -124.848 -33.6 5.14 4238997 0.240

2520 2208.87 2782 218  -89.127 -25.7 3.85 4476375 0.162

1540 2217.76  2779.78 21.8  -54.466 -16.8 1.63 3898812 0.250
530 2226.29 2778.2 21.8  -18.745 -8.2 0.05 4187746 0.185

0 223115 2777.27 21.8 0.000 -3.4 -0.88 3856982 0.191

0 2687.4 2665.13 19 0.000 0 0 - -
1010 2679.46  2666.61 18.9  -35.721 -7.94 1.48 4498926 0.186
2000 2671.25  2668.65 19.3  -70.736 -16.15 3.52 4264813 0.248
3020 2663.21 2670.24 194 -106.810 -24.19 5.11 4486959 0.198
4010 2654.98  2672.17 19.3 -141.824 -32.42 7.04 4254449 0.235

@ 5020 2647.18  2673.67 19.2  -177.546 -40.22 8.54 4579676 0.192
f:: 6020 2639.14  2675.45 19.5 -212.914 -48.26 10.32 4398979 0.221
g 5510 2642.37  2675.02 19.6 -194.876 -45.03 9.89 5584389 0.133
& 4500 2650.06 2672.9 19.9 -159.155 -37.34 7.77 4645185 0.276
3510 2657.46  2671.43 20 -124.141 -29.94 6.3 4731637 0.199

2510 2665.57  2669.34 20.1 -88.773 -21.83 4.21 4361010 0.258

1540 2673.23  2668.01 20 -54.466 -14.17 2.88 4478689 0.174
510 2682.02  2665.78 20.2  -18.038 -5.38 0.65 4144349 0.254

0 2685.68  2665.26 20.3 0.000 -1.72 0.13 4928299 0.142
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Table A1-26 Modulus of Elasticity of Pour No. 3 at Day 14

Load Vertical Horizontal Temp Stresses Differential Differential Stress/Strain Hor/Vert.
Strain Strain Vertical Horizontal Strain

(Ibs) (ue) (&) (°C) (PSI) Strain (ug)  Strain (ue) (PSI) ratio

0 2261.32  2785.72 20.6 0.000 0 0 - -

1020 2253.47 2787.3 205  -36.075 7.9 1.58 4595561 0.201

2000 2246.48  2789.17 204  -70.736 14.8 3.45 4958575 0.268
3020 2240.79  2790.44 204 -106.810 20.5 4.72 6340097 0.223
3990 223355 279243 20.3  -141.117 27.8 6.71 4738503 0.275

i 5010 2226.86  2793.72 20.2 -177.192 34.5 8 5392399 0.193
g 6000 2219.42 279547 20.2 -212.206 41.9 9.75 4706199 0.235
g 5500 222349  2794.56 20.2  -194.522 37.8 8.84 4344938 0.224
& 4500 2230.08  2793.57 20.1  -159.155 31.2 7.85 5366888 0.150
3520 2237.56  2791.87 20.1  -124.494 23.8 6.15 4633749 0.227
2520 224436  2790.86 20.1 -89.127 17 5.14 5201146 0.149

1540 2252.02  2789.12 20 -54.466 9.3 34 4524862 0.227
510  2259.3 2788.14 20 -18.038 2 242 5003960 0.135

0 2264.11 2787.23 19.9 0.000 -2.8 1.51 3750016 0.189

0 2703.28  2678.21 16.1 0.000 0 0 - -

980 2695.39  2679.49 16.6  -34.660 7.89 1.28 4392958 0.162

2040 2687.62  2681.37 17.7  -72.150 15.66 3.16 4824950 0.242

3000 2680.85 2682.81 18.4 -106.103 22.43 4.6 5015226 0.213
4000 2673.2 2684.61 18.5 -141.471 30.08 6.4 4623241 0.235

@ 5000 2666.14  2686.02 18.6 -176.839 37.14 7.81 5009603 0.200
f:: 6080 2657.85  2688.12 19 -215.036 45.43 9.91 4607626 0.253
g 5530 2661.71 2686.92 19.2  -195.583 41.57 8.71 5039453 0.311
& 4510 2668.32  2685.54 19 -159.508 34.96 7.33 5457663 0.209
3510 2676.02  2683.57 19.2 -124.141 27.26 5.36 4593220 0.256
2520 2682.2 2683.22 19.1 -89.127 21.08 5.01 5665715 0.057

1520 2690.87  2680.34 19 -53.759 12.41 2.13 4079330 0.332
560 2697.55  2679.02 19 -19.806 5.73 0.81 5082797 0.198

0 2701.88  2677.93 18.8 0.000 1.4 -0.28 4574126 0.252
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Table A1-27 Modulus of Elasticity of Pour No. 3 at Day 21

Load Vertical Horizontal Temp Stresses Differential Differential Stress/Strain Hor/Vert.
Strain Strain Vertical Horizontal Strain

(Ibs) (ue) (&) (°C) (PSI) Strain (ug)  Strain (ue) (PSI) ratio

0 2277 .1 2795.41 21.6 0.000 0 0 - -

1020 2268.63  2796.54 216  -36.075 -8.5 1.13 4259168 0.133
2030 2261.06  2798.42 217 -711.797 -16 3.01 4718821 0.248

3030 2254.43  2799.55 216 -107.164 -22.7 4.14 5334509 0.170

4020 2246.88  2801.36 215 -142.178 -30.2 5.95 4637631 0.240

i 5030 2240.36  2802.42 214  -177.900 -36.7 7.01 5478754 0.163
g 6040 2232.64 2804.2 216 -213.621 -44.5 8.79 4627134 0.231
g 5510 2236.48  2803.12 214  -194.876 -40.6 7.71 4881493 0.281
& 4520 2242.79 2802.3 21.3 -159.862 -34.3 6.89 5548988 0.130
3530 2250.02  2800.57 21.3  -124.848 =271 5.16 4842893 0.239

2520 2256.65  2799.71 213  -89.127 -20.4 4.3 5387854 0.130

1530 2264.23  2797.95 212 -54.113 -12.9 2.54 4619277 0.232

510 227158  2796.84 212  -18.038 -5.5 1.43 4908184 0.151

0 2276.34  2795.71 211 0.000 -0.8 0.3 3789407 0.237

0 2707.96  2696.59 17 0.000 0 0 - -
1000 2701.02  2697.73 16.8  -35.368 -6.94 1.14 5096224 0.164
2030 2693.24  2699.69 174  -71.797 -14.72 3.1 4682369 0.252

3020 2686.08 2701.13 17.9 -106.810 -21.88 4.54 4890240 0.201
4030 2678.55  2702.71 18 -142.532 -29.41 6.12 4743888 0.210
@ 5010 2670.87  2704.73 181  -177.192 -37.09 8.14 4513078 0.263
f:: 6030 2663.49  2706.13 18.2 -213.267 -44 .47 9.54 4888232 0.190
g 5500 2666.57  2705.69 18.8  -194.522 -41.39 9.1 6086017 0.143
G 4520 267448  2703.86 19.1  -159.862 -33.48 7.27 4381851 0.231
3510 2681.26  2702.58 19.3 -124.141 -26.7 5.99 5268654 0.189
2520 2689.31 2700.61 19.3  -89.127 -18.65 4.02 4349580 0.245
1520 2696.32  2699.47 19.6  -53.759 -11.64 2.88 5045335 0.163

540 2704.01 2697.54 19.6  -19.099 -3.95 0.95 4507209 0.251

0 2707.92  2697.37 19.7 0.000 -0.04 0.78 4884555 0.043
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A1.4 Coefficient of Thermal Expansion Test Results

Table A1-28 Coefficient of Thermal Expansion of Pour No. 2 after 7 Days

Temp Vertical Horizontal Differential Differential

Strain Strain Vertical Horizontal

(°C) (ue) (ue) Strain (1)  Strain (ug)

20.7 2194.38  2529.01 0.00 0.00
211 2197.01 2528.56 7.51 4.43
219 219365 2527.04 13.91 12.67
<« 225 219252  2525.73 20.10 18.68
§ 23.0 219146  2524.46 25.14 23.51
g 23.6 2190.05  2522.72 31.05 29.09
2, 242 2188.31 2521.08 36.63 34.77
P 249 218559  2518.54 42.45 40.77
26.0 218220 2515.34 52.48 50.99
26.8 2179.01 2512.34 59.05 57.75
274 217719  2510.84 64.55 63.57
20.6 2299.67 2357.53 0.00 0.00
21.4 2300.64  2357.06 10.73 9.29
223 2297.25  2354.87 18.32 18.08

m 23.0 229582 235345 25.43 25.20
§ 235 229424  2352.04 29.95 29.89
g 242 229237  2350.31 36.62 36.70
2, 249 2290.33 2348.38 43.12 43.31
z 25.8 2287.63  2345.57 51.40 51.48
27.0 2283.85 2342.26 62.26 62.81
279 2280.64  2339.35 70.03 70.88
28.5 2278.79  2337.75 75.50 76.60
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Table A1-29 Coefficient of Thermal Expansion of Pour No. 2 after 14 Days

Temp Vertical Horizontal Differential Differential

Strain Strain Vertical Horizontal

(°C) (ue) (ug) Strain (1)  Strain (ug)

20.9 2209.42  2539.92 0.00 0.00
214 2211.78  2539.34 8.46 5.52

21.8 2210.89  2538.52 12.45 9.58
<« 227 220469  2535.61 17.23 17.65
§ 233 220439  2533.99 24.25 23.35
g 23.6 2203.00 2532.69 26.52 25.71
2, 243 2199.09 2530.79 31.15 32.35
247 219883  2529.66 35.77 36.10
254 2198.34  2527.33 43.82 42.31
274 2190.36  2520.10 60.24 59.48
28.1 2187.68 2517.34 66.10 65.26
20.8 2316.50 2369.33 0.00 0.00
214 2317.91 2368.86 8.73 6.85
22.0 2316.56 2367.18 14.70 12.49

m 230 231159  2364.37 21.93 21.88
5§ 23.8 2310.15 236252 30.25 29.79
g 241 2309.07 2361.36 32.83 32.29
2, 246 230533 2359.19 35.19 36.22
¥ 250 230433 2358.01 39.07 39.92
26.0 2303.29 2355.54 50.23 49.65
28.9 229568  2348.55 78.00 78.04
29.2 2293.07 2346.00 79.05 79.15
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Table A1-30 Coefficient of Thermal Expansion of Pour No. 3 after 7 Days

Temp Vertical Horizontal Differential Differential

Strain Strain Vertical Horizontal
(°C) (ug) (1€ Strain (ug)  Strain (ue)
211 2250.66 - 0.00 -
225  2252.90 - 63.00 -
234 224926 . 70.34 -
< 243 224200 . 74.06 -
S 252 224157 ; 84.61 -
g 257 223877 ; 87.91 -
2 260 223537 ; 88.17 -
263 2234.82 ; 91.28 -
27.9 2232.35 ; 108.33 ;
30.9 2220.73 ; 133.31 ;
31.7  2217.02 ; 139.36 ;
209 2687.62  2666.34 0.00 0.00
21.8 2688.81  2665.60 12.17 10.24
225 268659  2664.03 18.49 17.21
m 231 268017  2660.66 19.39 21.16
S 242 2679.09  2658.55 31.73 32.47
g 243 2677.01 2657.25 30.87 32.39
O 247 267314  2655.66 31.88 35.68
P 254 267288 2654.08 40.16 42.64
26.4 267069  2651.00 50.17 51.76
20.0 2659.96  2641.93 71.16 74.41
207 265655 2639.48 76.29 80.50
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Table A1-31 Coefficient of Thermal Expansion of Pour No. 3 after 14 Days

Temp Vertical Horizontal Differential Differential

Strain Strain Vertical Horizontal

(°C) (ug) (1€ Strain (ug)  Strain (ue)

20.8 2262.07 2786.29 0.00 0.00
211 2264.38  2785.59 5.97 2.96
214 2263.92  2785.07 9.17 6.10
i 219 226225  2783.56 13.60 10.69
& 228 225818  2780.55 20.51 18.66
g 23.3 2256.45  2778.83 24.88 23.04
& 242 225220 2775.03 31.61 30.22
252 224834  2771.35 39.95 38.74

26.2 224357  2767.37 47.38 46.96
27.0 224059 2764.63 54.16 53.98
20.7 270286  2677.94 0.00 0.00
21.8 2703.85 2676.00 14.41 11.48

222 270244  2675.05 17.88 15.41
a 23.4 2697.51 2671.45 27.59 26.45
g 246 2690.24  2666.62 34.96 36.26
g 254 2687.60 2664.36 42.08 43.76
o 269 2682.07 2659.71 54.85 57.41
28.1 2677.01 2655.36 64.43 67.70
29.5 2671.19  2650.72 75.69 80.14
30.0 2667.15 2647.75 77.75 83.27
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